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Abstract 
Currently much research is focused on functional materials due to their wide 
range of applications. Especially developing materials with good pyroelectric figure of 
merits is essential for usage in military vigilance, medical diagnostic and industrial 
quality control applications. Among ferroelectrics, lead based materials are most 
researched and exploited materials due to their excellent pyroelectric properties in 
comparison with the lead free materials. Pb0.76Ca0.24TiO3 (PCT) and Pb0.85La0.15TiO3 
(PLT) systems having perovskite structure exhibit good ferroelectric and pyroelectric 
properties with transition temperatures ~300 and ~283 ˚C, respectively. However, due to 
toxicity of lead, presently research is focussed on developing lead free/low lead content 
materials. Sr0.53Ba0.47Nb2O6 (SBN) having tetragonal tungsten bronze structure (TTB) 
exhibits good pyroelectric properties among lead free materials. However, SBN system 
has disadvantage of low transition temperature (~115oC). Also, the pyroelectric 
detectors with SBN system can only be operated from -25 to 30˚C temperature range.  
It is well known that composites combine the properties of the constituent phases 
resulting in a material with different properties. In order to tailor the properties of the 
materials, composites of ferroelectric materials with different structures have been 
synthesized and reported to show better electrical properties compared to both the 
constituent materials. In this work, composites (less amounts of lead, weight % < 15%) 
of SBN and PCT/ PLT ferroelectric materials are prepared by solid state reaction route. 
These composites are sintered at three different temperatures i.e. 1200, 1250 and 
1300˚C. XRD studies revealed the existence of both the phases in the ceramic 
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composites. Ceramic-composites with theoretical density (ρTh) > 90% were obtained. 
Surface morphology studies revealed inhomogeneity in grain size distribution in the 
ceramic-composites. The values of dielectric constant (εr) of SBN+xPCTand  SBN+xPLT 
ceramic-composites were found to be lower and higher than that of pure SBN ceramics, 
respectively. The P-E loops of SBN+xPLT ceramic composites were found to be slimmer 
in comparison with the P-E loops of SBN+xPCT ceramic composites. The ceramic 
composites were found to show better pyroelectric properties compared to pure SBN 
ceramics at RT and at higher temperatures (up to 70 ˚C). SBN+0.1PLT ceramic 
composite sintered at 1250 ˚C is found to exhibit better pyroelectric properties compared 
to pure SBN ceramic system.  
It is well known that due to fragile nature of ceramics, ceramic-composites cannot 
be used in applications where large area/flexible detector materials are required. 
Polymers have the advantage of flexibility and can be drawn as thin wafers. 
Polyvinylidene fluoride (PVDF) is a ferroelectric polymer with good pyroelectric 
properties. However, the pyroelectric properties are low in comparison with SBN 
ceramics. In order to enhance the pyroelectric properties of PVDF by preserving its 
flexural property, composites of PVDF and SBN[ (1-φ)PVDF+φSBN, φ=10, 20, 30 vol%] 
were prepared by hot uniaxial press. Structural, dielectric and pyroelectric properties of 
these (1-φ)PVDF+φSBN composites have been investigated. Enhanced pyroelectric 
properties compared to pure PVDF were obtained in 0.7PVDF+0.3SBN composites. 
Key words: SBN; PCT; PLT; PVDF; Composites; XRD; SEM; Dielectric properties; 
Ferroelectric properties; Pyroelectric properties.  
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CHAPTER - 1 
Introduction  
1.1 Introduction  
Human civilization is often classified on the choice of materials used. Materials 
have always dictated the technology and hence the life style of human beings. Materials 
are broadly classified as ceramics, metals, polymers and composites. The 
experimentation with these materials has often resulted in new tools and machines. 
Human quest to understand the functionality of these materials under different 
conditions has resulted in materials science. Materials science is regarded as an 
interdisciplinary field which investigates the relationship between the structure of 
materials at atomic or molecular scales and their macroscopic properties. The research 
in this field is very significant in understanding science of materials and in advancement 
of technology.  
Among all the materials, ceramics have the advantages of high compressive 
strength and stiffness, high temperature resistance, high wear resistance, chemical 
inertness and low weight. However, brittleness and relatively poor shock resistance and 
the difficulty to obtain complex shapes with close tolerances are the major 
disadvantages of ceramics. Ceramics can be broadly classified as traditional ceramics 
and advanced ceramics. Pottery, structural clay products, and clay-based refractory 
materials are some examples of traditional ceramics.  Based on applications, advanced 
ceramics are classified as functional ceramics and structural ceramics. Functional 
ceramics are the ceramics used in electrical, magnetic, electronic, and optical 
applications and ceramics used for structural applications at ambient as well as at 
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elevated temperatures as in chemical, thermal, mechanical, biomedical and nuclear 
applications are structural ceramics. 
The area of interest of the present work is functional materials which are also 
referred to as smart materials. Smart materials change their physical or chemical 
properties under the influence of external stimuli. The physical or chemical property may 
be one or more of shape, volume, temperature, resistance, polarization, pH value, etc. 
and the external stimuli may be electric field / magnetic field, electromagnetic field, heat, 
pressure, light, atmosphere, etc. Smart materials have the ability to perform both 
sensing and actuating functions. Piezoelectric materials are the materials whose electric 
polarization changes due to applied mechanical stress and pyroelectric materials are 
the materials whose electric polarization changes due to heating or cooling. 
Ferroelectric materials exhibit both piezoelectric and pyroelectric properties in addition 
to high dielectric constant and electro optic effect.  
1.2 Piezoelectricity 
The word piezoelectricity means electricity resulting from pressure. It is derived 
from the Greek piezo or piezein, which means to squeeze or press, and 
electric or electron, which stands for amber, an ancient source of electric charge. 
Piezoelectric materials develop an electrical charge proportional to applied mechanical 
stress. It was discovered by the Curie brothers in 1880. Piezoelectric materials also 
show a converse effect, where a geometric strain (deformation) is produced on the 
application of electric field. The direct and converse piezoelectric effects can be 
expressed in tensor notation as, 
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 Pi = dijk Sjk                   (Direct Effect)                    (1.1) 
 eij = dkij Ek                  (Converse Effect)               (1.2) 
where ‘Pi‘ is the polarization generated along the i-axis in response to the applied 
stress ‘Sjk’, and ‘dkij‘ is the piezoelectric coefficient. For the converse effect, ‘eij‘ is the 
strain generated in a particular orientation of the crystal on the application of electric 
field ‘Ei‘ along the i-axis. [1]. 
 
Fig.1.1. Classification of 32 point groups [2]. 
Any crystal structure can be obtained when a suitable basis is attached to each 
lattice point of one of the fourteen Bravais lattices. When, three different symmetry 
operations i.e. rotation (proper and improper), reflection and centre of symmetry are 
performed on Bravais lattices, 32 crystal classes are possible (if translation operation is 
also performed 230 space groups are possible) [2]. These 32 crystal classes are called 
point groups. As classified in Fig.1.1 among 32 point groups, 11 are centrosymmetric 
and 21 are non-centrosymmetric. The 11 centrosymmetric point groups do not show 
polarity. Among 21 non-centro symmetric point groups, except 432 group, 20 point 
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groups possess one or more crystallographically unique directional axes [2]. Those 
crystals with a unique directional axis exhibit the piezoelectric effect [2]. 
1.3 Pyroelectricity 
Pyroelectricity means electricity resulting from variation of heat. It is derived from 
the Greek word pyr which means fire, and electric or electron, which stands for amber, 
an ancient source of electric charge. Pyroelectric materials generate electric field when 
they are heated or cooled. Teophrast in 314 B.C., discovered that the mineral 
tourmaline generates an electric field when it is heated or cooled.  But, it was in 1824 
A.D., Brewster gave the name ‘pyroelectric effect’ [3]. 
Considering point groups, out of the twenty point groups which show the 
piezoelectric effect, ten point groups (1, 2, m, mm2, 4, 4mm, 3, 3m, 6, and 6mm) have 
only one unique direction axis. Such crystals are called polar crystals as they show 
spontaneous polarization ’Ps’. The spontaneous polarization is defined as the charge 
per unit area on the surface perpendicular to the axis of spontaneous polarization. The 
value of the spontaneous polarization depends on the temperature. The pyroelectric 
coefficient (pi) is described as the change in the spontaneous polarization with 
temperature [4] : 
    
   
  
                                  (1.3) 
where pi (Cm
-2K-1) is the pyroelectric coefficient. Alternatively, ‘pi‘ is calculated using the 
relation,  
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                                          (1.4) 
where, ‘I’ is the pyroelectric current measured during the heating cycle, ‘A’ is the area of 
the electrode and ‘dT/dt’ is the rate of heating. The efficiency or figure of merit of a 
pyroelectric sensor is evaluated in several ways depending upon the device 
requirement. If the noises in the device are mainly due to the pyroelectric element, the 
figure of merit (FOM) defined as, 
                                                          
  
        
 
 
                              (1.5) 
is considered (where, εr is the dielectric constant and tanδ is the dielectric loss of the 
material) and if the device consists of pyroelectric sensor with high impedance 
amplifiers    
                                                            
  
  
                                       (1.6) 
is considered [5]. It can be concluded that a material with low value of εr and tanδ, and 
high value of pi can be a good candidate for pyroelectric applications. 
1.4 Ferroelectricity 
Ferroelectricity is named by analogy with ferromagnetism, which occurs in 
materials such as iron. Iron atoms, being tiny magnets, spontaneously align themselves 
in clusters called ferromagnetic domains, which in turn can be oriented predominantly in 
a given direction by the application of an external magnetic field [6].  The  ferroelectrics  
do  not usually  have  Fe,  but show  analogous  electric behavior i.e. they have a 
permanent electric polarization  which  can  be  reversed  by  the application of an 
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external electric field [7]. Both classes of these ferroelectric and ferromagnetic materials 
are now included under the banner of “ferroic” materials. 
In terms of point groups, the point groups which show the pyroelectric effect and whose 
Ps  can be reversed by an external electric field are called ferroelectrics. This means 
that a ferroelectric material is both piezoelectric and pyroelectric, while the converse is 
not always true. Ferroelectricity was first discovered in 1929 in Rochelle salt 
(KNaC4H4O6•4H2O), a double tartarate of sodium and potassium crystallizing with four 
molecules of water [8].  Much research interest was shown in ferroelectrics in the 
1950’s, which led to the discovery of barium titanate (BaTiO3) with high dielectric 
constant and good piezoelectric effect [9]. Since then, many other ferroelectric ceramics 
including lead titanate (PbTiO3), lead zirconate titanate (PZT), lead lanthanum zirconate 
titanate (PLZT), and relaxor ferroelectrics like lead magnesium niobate (PMN) have 
been developed and utilized for a variety of applications [10].  
1.5 Features of Ferroelectric materials 
1.5.1 Dielectric Constant and Dielectric Loss 
    The capacitance of a capacitor increases when a material with high dielectric 
constant is sandwiched between the parallel conducting plates. Ferroelectrics are a 
special class of dielectrics whose dielectric constant varies from 1000 to 50000. 
Ferroelectrics exhibit such high dielectric constants due to the presence of permanent 
dipoles. The permanent dipoles allow the material to be polarized easily under 
application of external electric fields i.e. higher polarizability. The higher the 
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polarizability, higher is the dielectric constant. The total capacitance ’C’ of the parallel 
plate capacitor is given by 
   
      
 
                                (1.7) 
Where ‘εo’ is the permittivity of free space, ‘εr‘ is the dielectric constant (‘εoεr‘ is the 
permittivity of dielectric material), 'd' is the distance between the parallel plates, and 'A' 
is the area of the plates. The high dielectric constant is very useful in enhancing the 
volumetric efficiency of the capacitor and preparing multi-layer ceramic capacitors 
(MLC), which can be exploited in miniaturizing the electric and electronic devices [11].  
Dielectric loss is defined as loss of energy that goes into heating a dielectric 
material under a varying electric field [12]. When a capacitor is incorporated in an 
alternating-current circuit, the alternation of polarity of the plates leads to displacement 
of charges first in one direction and then in the other. While doing so, the charges have 
to overcome the opposition due to intertia which leads to a production of heat hence 
dissipating some of the energy associated with the applied electric field. Hence, 
dielectric loss is a characteristic property of the material that must be considered when 
applying capacitors to electric circuits. Dielectric losses depend on the applied 
frequency and the working temperature. The dielectric loss of a material can be 
estimated by calculating the loss tangent (tanδ). The loss tangent of the material is 
calculated by finding the ratio between the equivalent series resistance (ESR) of the 
capacitor and the capacitive reactance (XC) of the capacitor i.e.  
      
   
  
                                        (1.8) 
When the permittivity is considered as a complex quantity i.e. ε =ε’ - jε”, component ε′  
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represents the lossless permittivity and ε” represents the energy loss due to bound  
charges and dipole relaxation phenomena. In this case,  
      
  
  
 
 
   
                    (1.9) 
where ‘ω’ is the angular frequency of applied electric field and ‘σ’ is loss due to the free 
charge conduction [12].   
1.5.2 Ferroelectric Phase Transitions and Curie Temperature 
Ferroelectric phase transitions and Curie temperature are essential features of 
the ferroelectric materials.The phase of the ferroelectric materials changes with 
temperature. One or more phase transitions can occur in a particular ferroelectric 
material. The temperature at which the ferroelectric material transforms from one 
ferroelectric phase to another is called the transition temperature. If the ferroelectric 
material changes to paraelectric at a particular phase transition, the corresponding 
temperature is called the Curie temperature (Tc) [13]. Generally, all the phase transitions 
are associated with change in relative permittivity of the material and Curie transition 
temperature is associated with disappearance of P-E loop. For example, when a 
BaTiO3 crystal is cooled from higher temperature the following order of the phase 
changes are observed. At ~120°C, paraelectric cubic phase to the ferroelectric 
tetragonal phase, at 0°C,from ferroelectric tetragonal to ferroelectric orthorhombic, and 
at -90°C, from ferroelectric orthorhombic to ferroelectric rhombohedral phase [13]. Near 
the Curie point or transition temperatures, thermodynamic properties including 
dielectric, elastic, optical, and thermal constants show an anomalous behaviour. This is 
due to a distortion in the crystal as the phase structure changes. The temperature 
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dependence of the dielectric constant above the Curie point (T > Tc) in ferroelectric 
crystals is governed by the Curie-Weiss law [14] : 
                                  
 
    
                                (1.10) 
where, ‘ε’ is the dielectric permittivity of the material and ‘C’ is the Curie 
constant.Ferroelectric phase transitions are often characterized as either displacive (as 
in BaTiO3) or order-disorder (such as NaNO2), though often phase transitions will 
demonstrate elements of both behaviors [14]. Barium titanate is a typical example for 
the displacive type ferroelectric material. The transitions in BaTiO3 can be understood in 
terms of a polarization catastrophe. This polarization catastrophe is defined as when an 
ion is displaced from equilibrium slightly, the force from the local electric fields due to 
the ions in the crystal increases faster than the elastic-restoring forces. This leads to an 
asymmetrical shift in the equilibrium ion positions and hence resulting in a permanent 
dipole moment. The displacement of the titanium ion within the oxygen octahedral cage 
determines the phases and the dipole moment [15]. In lead titanate (PbTiO3), which has 
a similar structure to barium titanate, the driving force for ferroelectricity is more 
complex with interactions between the lead and oxygen ions playing an important role in 
addition to movement of titanium ion within the oxygen octahedral cage [15]. In an 
order-disorder ferroelectric system, there is a dipole moment in each unit cell, but at 
high temperatures they point in random directions. Upon lowering the temperature and 
going through the phase transition, the dipoles point in same direction within a domain 
resulting in net permanent dipole moment. 
 
10 
 
1.5.3 Ferroelectric Domains and Hysteresis  
A ferroelectric domain is a volume in the material where the spontaneous 
polarization is uniform and is in the same direction [16]. When the ferroelectric crystals 
are cooled from a paraelectric phase to ferroelectric phase in the absence of external 
applied fields there are at least two equivalent directions along which the spontaneous 
polarization may occur. In order to minimize the energy in the material, different regions 
of the crystal polarize in different directions [16]. This results in zero net polarization of 
the virgin material and hence such crystals show very small piezoelectric and 
pyroelectric effects. The net polarization can be improved using ‘Poling’ process [15]. 
Poling is a process in which an external DC electric field is applied across the crystal, at 
elevated temperature (preferably 20°C lesser than Tc) so as to orient the domains. 
Fig.1.2 shows the arrangement of the polarization of individual domains in a unpoled 
crystal. The domains are organized in such a way that the positive end of one 
polarization vector is held near the negative head of the other domain. This 
arrangement reduces the stray field energy as there will be fewer isolated domains. This 
arrangement is analogous to the strain energy reduction found in dislocation stacking of 
crystals. Domain boundaries are arranged such that the dipole moments of individual 
domains meet at either 90°or 180°[15]. In a polycrystal (crystals with more than one 
crystallographic grain), the arrangement of domains depends on grain size. If the grains 
are fine (<< 1 micron), then there is usually found to be one domain per grain. In larger 
grains there can be more than one domain in each grain. 
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Fig.1.2. Arrangement of polarization vectors in an unpoled ferroelectric crystal.  
One distinctive characteristic of ferroelectrics is the hysteresis loop in the 
polarization versus electric field curve as shown in Fig.1.3. A virgin sample does not 
show any polarization due to the random orientation of the polarizations of the 
respective domains. As the applied electric field strength is increased the domains start 
to align in the positive direction of applied electric field resulting in rapid increase of 
polarization. When the applied electric field is sufficient to cause the complete 
orientation of the domains polarization reaches a saturation value (Ps). Further increase 
in electric field would cause dielectric breakdown of the material. As the intensity of the 
applied electric field is decreased, the polarization does not decrease instantaneously 
because of the already oriented domains in positive direction. When the applied electric 
field is zero the sample still shows some polarization i.e. the remnant polarization (Pr) 
due to orientation of dipoles. The polarization of the sample becomes zero at a 
particular applied negative electric field i.e. the coercive field (Ec). This situation arises 
as a consequence of equally and oppositely oriented domains in opposite directions. If 
the field is increased more in negative direction, then the saturated polarization occurs  
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Fig.1.3. A typical polarization vs. electric field hysteresis loop of a ferroelectric material. 
in the negative direction as well. When the polarization vs. electric field measurement is 
carried over a number of sinusoidal cycles of electric field the hysteresis loop is 
obtained. The hysteresis loop of ferroelectric materials is very sensitive to the 
temperature. The loop disappears at the Curie temperature (Tc), as the material 
undergoes a phase transition from low temperature ferroelectric state to high 
temperature paraelectric state [15]. 
1.5.4 Normal and Relaxor Ferroelectrics 
Relaxor ferroelectrics are special class of ferroelectrics with broad phase 
transitions from the paraelectric to the ferroelectric state, strong frequency dependence 
of the dielectric constant (i.e., dielectric relaxation) and weak remnant polarization at 
temperatures close to the dielectric maximum [10]. Table.1.1 shows the major 
differences between normal and relaxor ferroelectrics.  
Lead magnesium niobate Pb(Mg1/3Nb2/3)O3 (PMN) is one of the well-studied 
relaxor material. Solid solutions of relaxor ferroelectrics like PMN can be distinguished 
from normal ferroelectrics such as BaTiO3 and PZT by the presence of a broad diffused 
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and dispersive phase transition on cooling below the Curie point. The diffused phase 
transitions in relaxor ferroelectrics are due to the compositional heterogeneity seen on a 
microscopic scale. For example, there is disorder in the B site for Pb(Mg1/3Nb2/3)O3 [10]. 
The composition of Mg and Nb is not stoichiometric in the micro-regions, leading to 
different ferroelectric transition temperatures which broaden the dielectric peak. The 
relaxor ferroelectrics also show a very strong frequency dependence of the dielectric 
constant. The Curie point shifts to higher temperatures with increasing frequency. The 
dielectric losses are highest just below the Tc. For relaxor ferroelectrics, which have a  
 
Table.1.1. Properties of normal and relaxor ferroelectrics [17]. 
Property Normal Ferroelectric Relaxor Ferroelectric 
Dielectric temperature 
dependence 
Sharp 1st or 2nd order 
transition at Curie point ‘Tc
‘ 
Broad diffused phase transition 
at Curie maxima 
Dielectric frequency 
dependence 
Weak frequency 
dependence 
Strong frequency dependence 
Dielectric behaviour in 
paraelectric range ( T > Tc) 
Follows Curie - Weiss law Follows Curie - Weiss square 
law 
Remnant polarization (Pr) Strong Pr and zero Pr  
above Tc (no polar 
domains) 
Weak Pr and non-zeroPr  above 
Tmax(nano polar domains still 
exist) 
Scattering of light Strong anisotropy Very weak anisotropy to light 
Diffraction of X-Rays Line splitting due to 
deformation from 
paraelectric to ferroelectric 
phase 
 
No X-Ray line splitting 
P-E Hysterisis loops High Pr and Ecdue to 
macrosize polar domains. 
Low Pr and Ecdue to nano size 
polar domains. 
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second order phase transition, the remnant polarization, Pr, is not lost at the Curie point 
but gradually decreases to zero on increasing the temperature beyond Tc [17-20]. The 
most widely studied relaxor material is the solid solution of PMN and PbTiO3 (PT) 
system [10]. The addition of PT, which has a Curie point of 490oC, shifts the Tc of the 
composition towards higher temperatures. Compositions with a Curie point near room 
temperature (like 0.95 PMN and 0.10 PT) have very large dielectric constants (εr> 
20,000) which makes them very attractive for multilayer capacitor and strain actuator 
applications. 
1.6 Classification of Ferroelectrics 
1.6.1 Hydrogen based ferroelectrics 
Rochelle salt (NaKC4H4O6.4H2O, sodium potassium tartrate tetra hydrate), 
Potassium dihydrogen phosphate (KH2PO4, KDP) and triglycine sulfate 
(NH2CH2COOH)3H2SO4 ,TGS) are the materials that were known to exhibit 
ferroelectricity prior to the discovery of ferroelectricity in BaTiO3 polycrystalline 
ceramics. Until discovery of BaTiO3, researchers had assumed that materials without 
hydrogen cannot show ferroelectric property. The Tc’s of Rochelle Salt, KDP and TGS 
are 24°C, 49.7°C and -150° C, respectively [16]. Single crystals of Rochelle salt were 
used in early types of piezoelectric transducers at room temperature (RT) and KDP 
single crystals exhibit very good electro-optical and non-linear optical properties and 
TGS single crystals show good pyroelectric properties. These three materials are still 
used due to their superior properties over other materials. However, these materials 
have many disadvantages such as low Tc, deliquescence, poor mechanical properties 
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and weak ferroelectricity. For these reasons, KDP, TGS and Rochelle salt single 
crystals are being gradually replaced by ferroelectric polycrystalline ceramics. 
1.6.2 Ferroelectrics with perovskite structure 
Perovskite is a family name of a group of materials and the mineral name of 
calcium titanate (CaTiO3) having a structure of the type ABO3 [13]. Several ferroelectric 
materials have a perovskite structure whose dielectric constant varies several orders 
and Curie temperature varying over a wide range. The most studied perovskite based 
ferroelectric materials are barium titanate (BaTiO3), lead titanate (PbTiO3), lead 
zirconate titanate (PZT), lead lanthanum zirconate titanate (PLZT), lead magnesium 
niobate (PMN), potassium niobate (KNbO3), potassium sodium niobate (KxNa1-xNbO3), 
and potassium tantalate niobate (K(TaxNb1-x)O3). These materials show excellent phase 
stability over a wide temperature range. Fig.1.4 shows the unit cell of a perovskite 
structure. The unit cell consists of six oxygen atoms at the center of the faces forming 
an octahedron, eight ‘A’ type atoms at each corner and one ‘B’ type atom at center, 
encased by oxygen octahedra. The movement of ‘B’ site atoms inside the oxygen 
octahedra is considered to be significantly responsible for the dipole moment of 
perovskite structure. 
 
Fig.1.4. Unit cell of a perovskite structure. 
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A wide range of substitutions are possible in this type of structure due to the 
space available in oxygen octahedron cage. The tolerance factor ‘t’ which is given by 
   
     
          
                              (1.11) 
(where, RA,RB and RO are the ionic radius of A.B and O) can give an idea about the 
structure [7]. For ideal cubic structure t=1.0, however, perovskite structures with  0.95< t 
< 1.0 are cubic in nature. The perovskite structures with t > 1.0 tend to be ferroelectric 
and with t < 0.95 results in distorted structure leading to non-ferroelectric nature. In 
addition to ‘t’ the polarizability of the ions plays a significant role in determining the 
nature of the material [21]. 
1.6.3 Ferroelectrics with Tungsten Bronze Structure 
 
Fig.1.5. Schematic diagram showing a projection of the tetragonal tungsten-bronze 
structure on the (001) plane. 
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The “Tetragonal Tungsten Bronze” (TTB) structural type is related to the potassium 
tungstate K0.475WO3, the structure of which was first explained by Magneli [22]. The 
characteristic feature of the TTB crystal structure is interconnected corner sharing 
oxygen octahedral with three types of pseudo symmetric open channels i.e three fold, 
four fold and fivefold as shown in Fig.1.5 [23]. The site occupancy formula for TTB 
structure is given by (A1)2(A2)4(C)4(B1)2(B2)8O30.The three open channels( A1, A2 and 
C sites) and the space encapsulated by oxygen octahedron (B1 and B2)can 
accommodate a wide range of cations and anions leading to modified materials with 
different tailored properties. Lead niobate (PbNb2O6) was the first crystals of the 
tungsten bronze type structure to show useful ferroelectric properties [13].  Various 
substitutions in TTB structure have led to the discovery of many new normal and relaxor 
type ferroelectrics [24]. At present there are more than hundred ferroelectric materials 
which belong to tungsten bronze family.    
1.6.4 Ferroelectrics with Bismuth Layer Structure  
Bismuth layer-structured ferroelectrics (BLSFs) were first synthesized by 
Aurivillius in 1949 and hence these type of compounds are also known as Aurivillius 
compounds [25].Fig.1.6 shows the structure of BLSF, which comprises of intergrowth of 
fluorite-like (Bi2O2)
2+ units and pseudo-perovskite slabs (An-1BnO3n+1)
2-( ‘n’ indicates the 
number of perovskite layers stacked along the c-axis between (Bi2O2)
2+ layers and 1 ≤  
n ≤ 8 ). In (An-1BnO3n+1)
2-,A is a relatively large size mono-, di- or tri-valent cation such as 
Na+, K+ , Ba2+, Ca2+, Sr2+, Pb2+, Bi3+, etc. B is a small size, highly charged tera-, penta- 
or hexavalent cation, such as Ti4+, Ta5+, Nb5+, V5+, W6+, etc. (An-1BnO3n+1)
2-perovskite 
slabs are sandwiched between Bi2O2 layers giving a characteristic layer structure. 
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Ferroelectricity in these compounds is generallyattributed to the cationic displacement 
along the polar a-axis and the tilting of octahedra around the ‘a‘ and ‘c’ axes [25-
28].Some typical examples of BLSFs are: Bi2WO6  (n = 1), SrBi2Ta2O9  (n = 2), 
Bi4Ti3O12(n = 3), MBi4Ti4O15 (M = Ca, Sr, Pb, Ba) (n = 4), Ba2Bi4Ti5O18 (n = 5) etc. 
These BLSFs possess some exclusively attractive electrical properties such as 
excellent fatigue endurance, fast switching speed, good polarization retention, relatively 
high Curie temperature, low aging rate and low operating voltage [29-32].These 
excellent electrical properties of BLSFs makes them suitable for ferroelectric non-
volatile random access memory (FRAM) storage devices, high temperature 
piezoelectric device applications, sensor applications, and as photo-catalyst [33-36]. 
 
 
Fig.1.6. Typical structure of two layered [37] and three layered [38] BLSF’s. 
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1.6.5 Ferroelectrics with Pyrochlore Structure 
The pyrochlore structure is shown by materials having stoichiometry formula of 
A2B207 [39]. Where, A is a trivalent or divalent cation and B is a pentavalent or 
tetravalent cation. Fig.1.7. shows the one octant part of pyrochlore structure [40]. Due to 
wide compositional range of A and B cations, pyrochlore compounds have many 
different properties and they have been used as materials for use in various applications 
 
Fig.1.7. One octant part of the pyrochlore structure (A2B207).
 
including solid electrolytes [41], anodes [42] and cathodes [43] for fuel cells and 
sensors, catalysts [44], dielectrics [45] and materials for the encapsulation of actinides 
and other nuclear wastes [46].Ferroelectric materials, with a pseudo-pyrochlore 
structure, such as Ce2Ti2O7, Sr2Nb2O7, La2Ti2O7 (LTO), and Nd2Ti2O7 (NTO), exhibit a 
high coercive field, good thermal stability, and a low dielectric constant [47-49].  
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1.6.6 Ferroelectric polymers 
A polymer is a large molecule (macromolecule) with interconnected repeating 
structural units called monomer. These monomers are usually connected by covalent 
chemical bonds. Currently there are thousands of polymers, both natural and synthetic, 
with a wide variety of properties suitable for various applications. Polymers have the 
advantages of flexibility, durability, easy to obtain the desired shape, etc. over ceramics. 
The need for miniaturization, flexible and transparent devices has increased the interest 
in developing the polymer materials with better properties. 
Ferroelectric polymers are the sub class of polymers which are crystalline in 
nature and have permanent electric polarization which can be switched in direction on 
application of electric field. Kawai, in 1969, was the first to observe the piezoelectric 
effect in polyvinylidene fluoride (PVDF) and two years later it was found that PVDF is a 
ferroelctric polymer too. In the past few decades, poly(vinylidene fluoride) (PVDF) and 
its random copolymers, have received significant research interest because of their 
ferroelectric, piezoelectric, and pyroelectric properties, which are useful for numerous 
practical technological applications [50-51]. Poly(vinylidene fluoride–trifluoroethylene) 
P(VDF–TrFE), poly(vinylidene fluoride–trifluoroethylene–chlorofluoroethylene)P(VDF–
TrFE–CFE) and poly(vinylidenefluoride–trifluoroethylene–chlorotrifluoroethyleneP(VDF–
TrFE–CTFE) are some well-studied copolymers of PVDF for various applications.The 
observed ferroelectric properties of these polymers are due to the remnant polarization 
obtained by orienting the crystalline phase of the polymer in a strong poling field and 
hence the ferroelectric properties depend on the degree of crystallinity of the polymer 
and the polarization of the crystalline phase [52,53].Due to their low density compared to 
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ceramics, the acoustic impedance of PVDF and its copolymers matches with that of 
water and human body tissues. Hence, these materials can be exploited in under water 
and medical applications. However, low dielectric constant, high dielectric losses (at 
high frequencies), low thermal degradation point and low poling efficiency are some 
problems associated with these ferroelectric polymers. 
1.7 Ferroelectric Ceramic-Polymer Composites 
Composite materials, often shortened to composites, are engineered or naturally 
occurring materials made from two or more constituent materials with significantly 
different physical or chemical properties which remain separate and distinct at the 
macroscopic or microscopic scale within the finished structure. The constituent 
materials are referred to as matrix and reinforcement. The matrix material surrounds 
and supports the reinforcement materials by maintaining their relative positions in the 
composite. The reinforcements impart their special mechanical and physical properties 
to enhance the properties of matrix. A synergism produces material properties 
unavailable from the individual constituent materials, while the wide variety of matrix 
and strengthening materials allows the designer of the product or structure to choose an 
optimum combination as desired in various applications. 
The need for tailoring the properties for technology applications has attracted 
researchers to develop composites apart from solid solutions and substitutions. 
Ceramic–polymer composites form a new class of functional materials of great potential 
applications in having combined hardness and stiffness of ceramics and elasticity, 
flexibility, low density, and high breakdown strength of polymers. Consequently, 
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ceramic–polymer composites are being increasingly utilized for their specific dielectric, 
ferroelectric, piezo-electric, pyroelectric, electro-optic, as well as superconducting 
properties in micro-devices [54,55].The properties of the composite depend on the 
connectivity of the phases, volume percent of ceramic, and the spatial distribution of the 
active phase in thecomposite. Newnham et al. have developed the concept of 
connectivity which describes the arrangement of matrix and reinforcement phases 
                     
                      Fig.1.8. The connectivity pattern for a diphasic composite [56]. 
within a composite [56]. Fig.1.8 shows the 10 different types of connectivity possible in a 
diphasic composite. It is shown in the form A-B where 'A' refers to the number of 
directions in which the active phase is self-connected or continuous. Here, 'B' shows the 
continuity directions of the passive phase. The type of connectivity plays a critical role in 
determining the various properties of the composite. 
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1.8 Applications of Ferroelectrics  
Figure.1.9 shows schematically the temperature dependence of the spontaneous 
polarization and permittivity of a normal ferroelectric. Ps decreases with increasing 
temperature and vanishes at the Curie temperature, while permittivity tends to diverge 
near Tc. The reciprocal of permittivity is observed to be linear with respect to the 
temperature over a wide range in the paraelectric phase obeying Curie Weiss law. 
Fig.1.9. Different application regions of ferroelectric materials [2]. 
Fig.1.9 (a) to (f) indicate the various applications possible with a ferroelectric 
material. For capacitor applications a material with high permittivity is required and 
usually ferroelectrics have high permittivity near Tc. Hence, if the operating temperature 
is near the Tc high capacitance is obtained. For memory applications like in FeRAM 
(Ferroelectric Random Access Memory) and piezoelectric applications, high and stable 
Ps is required. This can be achieved when material is operated far below Tc. For pyro 
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sensor applications, the rate of change of Ps with temperature should be high. This can 
be achieved when the operation temperature is just below the Tc. For electrostrictive 
and electro optic applications the material should not possess any Ps. This is observed 
above the Tc of ferroelectric material.Ferroelectrics being both piezoelectric and 
pyroelectric, are used in diverse applications such as accelerometers (airbags), 
ferroelectric random access memories (FeRAMs), electro-optical devices (thermal 
imaging), high frequency devices for medical imaging (ultrasonic-based imaging) and 
surface acoustic wave (SAW) devices (high frequency telecommunication 
filtering),embedded smart systems (active vibration control) and many more.  The 
various applications specific to  piezoelectric and pyroelectric properties of ferroelectrics  
are discussed below. 
Devices designed on the basis of piezoelectric effect can be classified as generators, 
sensors, actuators, and transducers. Generators and sensors are designed based on 
direct piezoelectric effect, actuators are designed using converse piezoelectric effect 
and in transducers both direct and converse piezoelectric effects are used 
[57].Accelerometers, knock sensors, pressure/force sensor, high voltage spark igniters, 
energy harvesting and dynamic strain sensor are some of the applications under 
generators and sensors category. Active vibration reduction, precision positioning, high 
force actuation, textile machines fans and ultrasonic motors are the applications under 
actuator category. Ultrasonic sonar devices, distance meters, ultrasonic materials 
characterisation and transformers are under the transducer applications.  
Pyroelectric detectors are a special category of thermal detectors which use the 
pyroelectric effect to detect incident IR radiation. As discussed earlier, the small 
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changes in temperature in pyroelectric material results in change of internal polarization 
of a material. When compared with photon IR sensors, pyroelectric Infrared detectors 
have advantages of being sensitive over a wide temperature range, room temperature 
operation, wide spectral response, low power requirement, fast response and low cost 
without the need of cooling. 
In the past few decades, infrared detection and the thermal imaging has been 
used for various military applications such as night vision, target acquisition, missile 
guidance and non-military applications like infrared imaging system for product 
inspection, automotive vision enhancement, fire detection and prevention, remote 
temperature measurements, medical diagnostics (cancer and rheumatism detection), 
monitoring patients' burns, air quality monitor, atmospheric temperature measurement, 
earth position sensor, engine analysis, fire alarm, gas analyzer, glass processing, 
horizon sensor, IR detection, IR spectrometer, interferometer, interplanetary probe, 
intrusion detector, laser detection, laser-power control, liquid-fuel analysis, meteorology, 
plasma analysis, plastic processing, pollution detection, position sensor, radiometer, 
reflectance measurements, remote sensing, sky radiance, solar cell studies, human 
sensors, forest fire detection, pyroelectric vidicons, ear thermometer, terahertz 
detection, biomedical imaging, satellite-based IR detection at 90K, optical wave guide 
studies, x-ray detector, microwave detector, facial recognition, traffic control, vision 
testing etc.. 
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CHAPTER - 2 
Motivation and Objective 
In the first chapter the features, types and applications of ferroelectrics are 
discussed in brief. In this chapter the motivation and the objectives of for the current 
work are presented. The present study is focused at developing the pyroelectric 
materials with improved figure of merits.  
2.1 Literature Review 
In this section literature review of pyroelectric materials, ferroelectric biphasic 
ceramic composites and ferroelectric ceramic and polymer composites is presented. 
2.1.1 Pyroelectric materials 
In recent years, much attention has been paid to uncooled pyroelectric infrared 
detectors from a viewpoint of their wide range of applications as discussed in 
section1.10. Pyroelectric infrared(PIR) detectors have advantages of: (a) room 
temperature operation (no cooling is required); (b) wide spectral response; (c) low 
power requirement; (d) fast response and (e) low cost;  as compared with the other 
types of infrared sensors such as photoconductors, thermopiles and Golay cells[1-3]. 
Unlike all other thermal detectors, PIR detectors measure the rate of change of the 
detector temperature, rather than the temperature value itself. As a consequence, the 
response speed of the pyroelectric detector is usually limited only by its electrical 
circuit design and not by its thermal properties, and it can extend into the sub-
nanosecond regime. Other thermal detectors such as thermopiles or bolometers, by 
31 
 
contrast, are limited by slow thermal processes to response speeds typically of the 
order of seconds. Pyroelectrics detectors respond only to changing radiation that is 
chopped, pulsed, or otherwise modulated, so they ignore steady background radiation 
that is not changing with time.  
 For various PIR detector applications single crystals of ferroelectrics such as 
triglycine sulfate (TGS), strontium barium niobate, lithium tantalate (LT), lithium niobate, 
etc., have been developed [4]. However, ferroelectric polycrystalline ceramics offer a 
number of advantages over single crystalline materials, for their use in PIR detection. 
Ferroelectric polycrystalline ceramics used in PIR detectors have relatively low cost of 
manufacture and they are both mechanically and chemically robust [4]. The good 
mechanical strength of ferroelectric polycrystalline ceramics allows preparing of large 
area wafers. Generally they are not hygroscopic as the TGS single crystals. 
Furthermore, TGS single crystals are fragile in nature which causes technical difficulties 
in the processing. Ferroelectric materials used in PIR detectors operate only below the 
Tc because above Tc they get depoled. Polycrystalline ferroelectric oxide ceramics also 
have a high Tc  so that there is no danger of depoling during normal usage over a wide 
range of ambient temperatures. The pyroelectric properties of polycrystalline 
ferroelectric oxide ceramics can be tailored by inclusion of selected dopants (elements) 
into the lattice, and thereby altering the important parameters such as pi, εr, tanδ and 
hence  the figures-of-merits (FOM). 
The dielectric, piezoelectric and pyroelectric properties of polycrystalline 
ferroelectric oxide ceramics like barium titanate (BT), strontium barium niobate (SBN), 
lead lanthanum titanate (PLT), lead zirconium tiatanate (PZT), lead calcium titanate 
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(PCT) and lead strontium titanate (PST) and ferroelectric polymer polyvinyledene 
flouride (PVDF) and its copolymers have been studied extensively both in thin film (in 
the order of μm) form and thick film form (in the order of mm) [5].The most widely used 
high TC pyroelectric ceramics are based on modified lead zirconate (PZ) [6-8] or 
modified lead titanate system [7]. The morphotropic phase boundary compositions of 
the PZT system are not used for pyroelectric applications because they have high 
permittivities which result in reduction of FOM’s. Table 1 lists the figure of merits of 
some important pyroelectric materials. It can be observed that SBN(53/47) is a good 
candidate for pyroelectric applications.   
Table.2.1. Pyroelectric parameters and Curie temperature of some important materials. 
(Note: The reported pi, FOMI, FOMII values are the highest values found in literature for 
these systems) 
Material pi  
(μC/m2.K) 
FOMI  
(μC/m2.K) 
FOMII 
(μC/m2.K) 
Tc 
(ºC) 
LiTaO3 [8] 
(single crystal) 
230 1500.35 4.89 620 
TGS [8] 
(single crystal) 
550 469.04 10 49 
SBN(50/50) [9] 
(single crystal) 
550 502.08 1.375 121 
SBN(53/47) [10] 400 261.48 0.85 115 
PCT(76/24) [11] 430 227.39 4.94 300 [12] 
PLT(85/15) [13] 525 181.14 2.5 283 
PZT(30/70) [14] 211 86.48 0.567 230 
PVDF [11] 270 636.39 22.5 80 
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However, SBN(53/47) has a disadvantage of low temperature range of operation 
(-25ºC to 30ºC ) [15]. Hence, there is a need to increase the temperature range of 
operation preserving the high pyroelectric parameters so that these materials can be 
used in various applications at ambient temperatures (-50º C TO 70º C). For achieving 
this, composites of SBN(53/47) with next best pyroelectric candidates: 
PCT(76/24)/PLT(85/15) are prepared in this work.    
2.1.2 Ferroelectric Ceramic-Ceramic Composites 
As discussed in section1.6,the ferroelectrics can be classified based on their 
structure. Several researchers have put an effort to prepare composites using different 
structured ferroelectrics. In this section, a few examples of such efforts are briefly 
outlined.  
Z. H. Zhou et al. [16] have prepared composite ceramics of barium strontium 
titanate, Ba1−xSrxTiO3 (BST(70/30)) and strontium barium niobate, SrxBa1−xNb2O6 
(SBN(30/70)) and reported that the dielectric properties of the ceramic composites 
containing perovskite phase and tungsten bronze phase showed the characteristics of 
both phases. Observation of two phase-transition points corresponding to perovskite 
and tungsten bronze structure phase and dielectric constant higher than that of the 
samples containing only one phase was reported. The phase transition temperature of 
the tungsten bronze phase, in the composite ceramics was reported to depend on the 
solubility of Ti4+ ions in the phase and the content of perovskite phase. The two phase 
transition temperatures observed in the ceramic composites were reported to be 
different from the Tc’s of both the constituent materials. 
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G. Hu et al. [17] have studied the dielectric properties of composite ceramics 
prepared from spinel structured MgAl2O4 and perovskite structured Ba0.6Sr0.4TiO3 /BST-
MA. Observation of both the crystalline phases (cubic perovskite and face-centered-
cubic spinel structure) and significant agglomeration in BST grains with the increase in 
MgAl2O4 content in sintered BST-MA composite ceramics was reported. Observation of 
dielectric peak with very strong frequency dispersion at higher MgAl2O4 content and the 
shifting of Curie temperature towards higher temperatures was reported. With increase 
in MgAl2O4 content, sudden decrease in the value of dielectric constant and persisted  
higher tunability was reported.  
N. Zhang et al. [18] have investigated the electric fatigue properties of traditional 
perovskite structured Pb0.94La0.04(Zr0.70Ti0.30)O3/PLZT ceramics incorporated with 
layered structured ferroelectric material, SrBi2Nb2O9. Enhancement of grain strength of 
the PLZT ceramics and increase in the value of dielectric constant due to incorporation 
of SrBi2Nb2O9/SBN was reported. Ceramic composites of Pb0.94La0.04(Zr0.70Ti0.30)O3 and 
SrBi2Nb2O9  with almost no deterioration in the value of switchable polarization and 
hysteresis as compared to 60% deterioration observed in pure PLZT ceramic after 106 
cycles was reported. The mechanism of improvement in the fatigue properties was 
attributed to the specific structure of the bismuth oxide layer in SBN, which could 
alleviate piled-up oxygen vacancy nearby ferroelectric domain walls and facilitate the 
movement of the ferroelectric domain walls in the process of the ferroelectric domain 
reorientation. 
K. Ramam et al. [19] have studied the piezoelectric properties of perovskite and 
tungsten bronze structured (1−x)[Pb0.988La0.012(Zr0.53Ti0.47)0.997O3]–x[Pb0.59Ba0.38Bi0.02Nb2O6]/ 
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(1−x)PLZT–xPBBiN nano ceramic composites. Homogeneous distribution of grains of 
both the perovskite and tungsten bronze phases in the well densified nano ceramic 
composites was reported. Enhancement in the values of dielectric constant, 
piezoelectric planar coupling coefficient and the piezoelectric charge coefficient for an 
optimized value of x = 0.6 in (1−x)PLZT–xPBBiN nano ceramic composites was 
reported. Continuous decrease in the values of dielectric loss and Curie transition 
temperature with the increase in PBBiN content was also reported. 
B. Tribotte et al. [20] have studied the ceramic composites of  tetragonal tungsten 
bronze niobate, K2Sr4Nb10O30 and the perovskite structured Pb(Mgl/3Nb2/3)O3,and 
reported that the temperature dependent dielectric permittivity of the composite 
exhibited flat profile. Properties of the composites were reported to be dependent on 
PbO loss during sintering.   
H. Gu et al. [21] have reported the doping effects of BiFeO3/BF in layered 
perovskite SrBi2Nb2O9/SBN. Sintered ceramics with a single-phase layered perovskite 
structure with no detectable secondary phase were reported. With the increase in 
BiFeO3content in the SBN-BF composite, a change of the grain morphology i.e. from a 
lamellar structure to a granular structure was reported. A decrease in the lattice 
dimensions of SrBi2Nb2O9and improved sinterability of SrBi2Nb2O9with the increase in 
BiFeO3 content in the SBN-BF composite was also reported. Further a dielectric 
constant enhancement and shifting of the Curie point and peak impedance upwards 
with increasing BiFeO3content in SBN-BF composite was reported. 
From the observations made in all the examples of ceramic composites 
mentioned above it can be concluded that efforts have been made to enhance the 
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piezoelectric property, dielectric permittivity, tunability, temperature independent 
dielectric permittivity, etc by synthesizing biphasic ceramic-ceramic composite 
materials. In the knowledge of the author, the efforts to improve pyroelectric property by 
synthesizing ceramic composites of SBN are not tried yet. This motivates us to prepare 
ceramic composites of SBN with varying PCT /PLT contents. 
2.1.3 Ferroelectric Ceramic-Polymer Composites 
 
Polyvinylidene fluoride(PVDF), poly(vinylidene fluoride-trifluoroethylene) (P(VDF-
TrFE)), polyvinyl fluoride, poly paraxylane, poly bischloro methyloxeatne, poly sulfone 
are some of the known ferroelectric polymers. Especially, PVDF and P(VDF-TrFE) are 
considered as potential polymer candidates for preparing ferroelectric ceramic polymer 
composites as these materials exhibit better ferroelectric properties in comparison with 
other known ferroelectric polymers[22]. In addition, these polymers have good 
mechanical strength, thermal and chemical stability under ambient conditions. 
Ferroelectric ceramic and polymer composites are widely studied as they combine the 
most important features of both the phases. Especially, 0–3 ceramic-polymer 
composites in which both the phases are ferroelectric have attracted attention of many 
researchers because of the ease of fabrication and tailoring the properties as per the 
requirements in various applications such as pyroelectric sensor, ultrasonic transducer 
and underwater hydrophone applications. Zook and Liu, [23] proposed that pyroelectric 
material with figure-of-merit, significantly higher than presently known ferroelectric 
materials is unlikely to be found. The proposal was based on the relation        
     
 
  
(where, ‘Po‘ is the polarization, ‘εo‘ is the permittivity of free space, ‘C’ is the Curie 
constant, k is the Boltzmann’s constant, and v is the volume per unit dipole), derived by 
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using Devonshire’s two-level dipolar effective field model [24] and the Aizu-Lines lattice 
dynamic effective field model [25]. As of now, the Curie constant of known ferroelectrics 
are in the range of 2x105 to 5x105K and minimum polarizable volume seems to have a 
minimum of approximately 50Å3, hence, finding materials with higher polarization seems 
unlikely. Increase in the performance may be possible synthesizing 0-3 ceramic-
polymer composites, as the figure-of-merit of the pyroelectric detector is proportional to 
pyroelectric coefficient and inversely proportional to dielectric constant of the 
pyroelectric material. 
The ferroelectric ceramic-PVDF composites combine the advantages of both the 
ceramics and polymers, resulting in a novel type of material with high dielectric constant 
(compared to pure PVDF), high electromechanical efficiency, and high breakdown 
strength. 0–3 ceramic-polymer composites of ferroelectric polymer, poly-vinylidene 
fluoride (PVDF) as matrix and perovskite type ferroelectric ceramics such as BaTiO3, 
PbTiO3, PbZr0.52Ti0.48O3, Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT), (K0.44Na0.52 Li0.04)(Nb0.86 
Ta0.10Sb0.04)O3(KNN) etc. as filler have been studied earlier [26-30]. 
M. Wang et al. [31] have investigated the dielectric and pyroelectric properties of 
TGS-PVDF composites with different proportion of TGS and found that the variation of 
dielectric and pyroelectric coefficients with temperature for TGS-PVDF composites were 
as reported for TGS single crystals. Furthermore, it was reported that with 50 wt% of 
TGS particles in the composite, the figure of merit is the largest. 
S. Satapathy et al. [32] have investigated the dielectric and pyroelectric 
properties of composites of PVDF and lithium tantalate (LT) and showed that LT/PVDF 
38 
 
nano-composite is a better alternative to both single crystal LiTaO3 and pure PVDF for 
pyroelectric sensor applications. 
Q. Q. Zhang et al. have studied the dielectric and pyroelectric properties of 
(Pb0.72Ca0.15La0.13)Ti0.95O3(PCLT)–P(VDF-TrFE) 0–3 nano-composite films [33] and 
reported that the pyroelectric coefficient and figures of merit of the nano-composite film 
is higher (by ∼35%) than that of the copolymer that is poled under similar conditions. 
K.H.Lam et al. have studied the piezoelectric and pyroelectric properties of 0-3 
composites of 65Pb(Mg1/3Nb2/3)O3−35PbTiO3(65PMN-35PT) and P(VDF-TrFE) / PMNT-
PVDF [34].In these composites, under the same poling conditions, higher piezoelectric 
and pyroelectric coefficients than the pure copolymer were reported.  
The pyroelectric properties of PbTiO3-P(VDF-TrFE) 0-3 nano-composites films 
fabricated using various volume fraction of nanoceramic particles have been 
investigated by Y. Chen et al. [35]. All the figure-of-merits reported by them showed an 
increase with the increase of volume fraction of lead titanate ceramic particles in the 
composite. It was concluded that pyroelectric coefficient of the composite with 12% 
volume fraction of PT was 40% higher than that of the polymer.  
B. Hilczer et al. [36] have studied the pyroelectric and dielectric dispersion 
response of Pb(Zr0.5Ti0.5)O3-P (VDF0.5-TrFE0.5)/PZT-PVDF nano-composite films having 
100-200μm thickness and reported that (PZT0.32PVDF0.68, PZT0.24[P(VDF0.5-TrFE0.5)0.76] 
composites displayed an excellent pyroelectricity. It was observed by dielectric 
dispersion studies that the role of polymer heterogeneity at crystalline level is important 
in PZT-PVDF nano-composites especially in the temperature range from315K to 395K. 
In PZT-P(VDF0.5-TrFE0.5) composites, this becomes important above ~350Kdue to 
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effect of the ferroelectric-paraelectric phase transition. It was reported that the variation 
of dielectric constant is temperature and frequency independent between ~275K 
to310K. Due to excellent values of figure-of-merit, it was proposed that the sensor 
operating temperature could be in the range of 290K to 310K.  
Recently, C. Pawlaczyk et al. have [37] investigated dielectric and pyroelectric 
properties of the 0-3 composites, made from Sr0.7Ba0.3Nb2O6 (SBN70) ceramic powder 
and poly(vinyl chloride) (PVC)/SBN-PVC. The composites were prepared from ceramic 
and polymer powders by hot-pressing method. They have observed an increase in the 
values of dielectric permittivity and pyroelectric coefficient of poled composites (with 
respect to pure polymer) with the increase in volume fraction of SBN70 ceramics in 
SBN-PVC composites. 
Very recently, M. Olszowy et al. [38] have studied the influence of SBN70 
concentration in PVDF on dielectric and pyroelectric properties of nano-composites and 
reported that the pyroelectric coefficient of the φ SBN70-(1-φ)PVDF composite to be 
higher than that of the pure polymer. Furthermore, composite with ceramic volume 
fraction of φ=0.1 is found to be optimum which provided highest values of the FOMs.  
PVDF exhibits better pyroelectric properties compared to other polymers [39]. 
Based on the above literature survey on ceramic polymer composites, PVDF polymer is 
chosen as active ferroelectric polymer phase for synthesizing SBN based ferroelectric 
ceramic polymer composites. Furthermore, these ceramic polymer composites are 
expected to result in enhanced pyroelectric properties (compared to PVDF) while 
preserving the mechanical flexibility of PVDF polymer. 
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In this work, composites of SBN(53/47) and one of the best known ferroelectric 
polymer, PVDF are prepared and their structural, dielectric and pyroelectric properties 
have been investigated and discussed in detail. 
2.2 Objectives of the work 
 To characterize the SBN, PCT and PLT pyroelctric materials synthesized by solid 
state reaction route for various structural, dielectric, ferroelectric and pyroelectric 
properties. 
 To enhance the operating temperature of SBN without compromising the 
pyroelectric properties by preparing biphasic ceramic composites SBN+xPCT and 
SBN+xPLT (x=0.1 to 0.5 mol% with 0.1 increment) and characterize these 
composites for various structural, dielectric, ferroelectric and pyroelectric properties. 
 To obtain flexible ceramic polymer composites with enhanced pyroelectric properties 
by preparing φSBN+(1-φ)PVDF (φ=0.1 to 0.3vol%) ceramic polymer composites by 
hot uniaxial press method and characterize these composites for various structural, 
dielectric and pyroelectric properties. 
 To understand the effect of addition of PCT/PLT/PVDF on the structural, dielectric, 
ferroelectric and pyroelectric properties of SBN based composites.   
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CHAPTER - 3 
Synthesis and Experimental Techniques  
In this chapter, the synthesis of the ceramics, polymers and composites selected 
for present work and the various experimental techniques used to characterize the 
specimens are briefly discussed.  
3.1 Synthesis of Ceramics   
 
The method of synthesis of ferroelectric ceramics plays a great role in 
determining the microstructure and ultimately the electrical and optical properties of the 
final product [1-3]. Generally, conventional solid-state reaction process, 
mechanochemical synthesis, chemical coprecipitation, sol-gel process, hydrothermal 
synthesis, micro emulsion, combustion, thermal pyrolysis spray, molten 
salt etc. synthesis processes are used to prepare ferroelectric ceramics. To achieve a 
quality product with respect to purity, homogeneity and microstructure each method has 
its own advantages and disadvantages. In this context, the solid-state reaction route is 
found to be the easier, convenient, having lower cost and highly reliable technique in 
comparison with other available methods. 
3.1.1 Solid State Reaction Route  
The various steps in solid-state reaction process are represented in a flow chart, 
shown in Fig.3.1. Each step is discussed in detail in the following subsections. 
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Fig.3.1. Steps involved in a conventional solid state reaction process. 
3.1.2 Stoichiometric Proportion 
Stoichiometric proportion of precursors means that exactly the right amount of each 
precursor is taken according to the required compound. In general, to make a 1 mol of 
Precursors in Stoichiometric Proportion 
Ball Milling 
Calcination 
 
Phase Confirmation 
Binder Addition 
Green Compacts 
Sintering 
Density and Microstructure Determination   
Electroding 
Electrical Characterizations 
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compound with general formula ABO3, 1 mole of A,1 mole of B and 3 moles of O are 
required.  
3.1.3 Ball Milling  
Ball milling is a process of grinding the materials into fine powder and for uniform 
mixing when different materials are grinded together. The rate of grinding depends on 
particle size of materials, grinding media, container and the medium used [4]. Rate of 
grinding is inversely proportional to particle size of the materials. As the particles 
become fairly fine further reduction in size becomes more and more difficult. The size 
and density of grinding media plays an important role in rate of milling. As the rate of 
grinding depends on contact surface between particles and grinding media, the size 
should be small as the surface area increases with decrease in radius in a given 
volume. However, the size cannot be too small as imparting mechanical energy to 
particles become difficult. The density of the grinding media should be higher than the 
material to be grinded. More importantly, the grinding media should be corrosion free 
and should not react with the particles and medium. The container should be strong and 
tough so that there will not be any contamination. It is well known that the grinding limits 
are least for wet milling i.e. milling the particles in a liquid medium. The liquid medium 
should be of low viscosity which ensures smooth flow during milling and volatile around 
room temperature so that drying the slurry after milling becomes easy.     
In the milling process, the particles experience mechanical stresses at their 
contact points due to compression, impact, or shear with the mill medium or with other 
particles. The mechanical stresses lead to elastic and inelastic deformation and, if the 
stress exceeds the ultimate strength of the particle it will lead to fracture of the particles. 
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The mechanical energy supplied to the particle is used not only to create new surfaces 
but also to produce other physical changes in the particle (e.g. inelastic deformation, 
increase in temperature and lattice rearrangements within the particle). Changes in the 
chemical properties (especially the surface properties) can also occur, especially after 
prolonged milling or under very vigorous milling conditions. 
3.1.4 Calcination  
Calcination is a chemical reaction process during which constituent carbonates, 
hydroxides, nitrates, sulfates, acetates, oxalates, alkoxides, and other metal salts 
decompose and react to form the phase of the required compound. As most 
decomposition reactions are endothermic, heat must be supplied to precursors to 
sustain the reaction. The amount of heat or calcinations temperature required is 
determined by performing calorimetry experiments like TGA / DSC / DTA by taking 
small amounts of the milled powder. The phase formation of a compound takes place by 
solid-phase reaction, which involves the chemical reaction through atomic diffusion 
among grains at temperature below the melting points of the precursors [5].In general, 
four physical processes are involved in the calcination of the raw materials:(i) linear 
expansion of the particles (ii) solid phase reaction (iii) contraction of product and (iv) 
grain growth. 
Usually, the calcination temperature is chosen high enough to cause reaction, 
but low enough to facilitate subsequent grinding. In the materials, having volatile 
constituents, the calcination temperature must be kept low enough to avoid loss of the 
volatile parts. 
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3.1.5 Binder Addition 
Binder holds the granules of the powder together during the preparation of the 
green compacts required for sintering. Addition of binder also reduces the brittleness of 
green compacts. The binder should decompose at much lower temperatures compared 
to calcination temperature of the compound. More importantly, the decomposition of the 
binder should not cause any disruptive effect on green compacts when fired. Polyvinyl 
alcohol (PVA) is one of the most commonly used binders for preparation of green 
compacts of ceramics. PVA is a water soluble synthetic polymer with a monomer of (-
CH2-CHOH-). PVA is odorless, nontoxic and has excellent adhesive property. PVA has 
a melting point of ~230°C and decomposes rapidly above 200°C as it can 
undergo pyrolysis at high temperatures. 
3.1.6 Green Compacts 
A Green compact is obtained with a desired shape by compressing the calcined 
powder.  The sintering behavior of green compacts depends on the structure of the 
green compact [6]. Uniaxial pressing, isostatic pressing, calendering, extrusion, 
jiggering, injection moulding, silk screening, slip casting, band casting, etc. are the well-
known shaping techniques. In this work, uniaxial pressing technique is used to obtain 
the green compacts in the form of pellets. Uniaxial pressing is used to make compacts 
of small sizes with simple shapes of the calcined powder. The process is shown in Fig. 
3.2.It is carried out in a die having cylindrical open cavity. First, air tight lower punch is 
placed in the cylindrical cavity. Then, the calcined powder which is to be compacted is 
filled and after that an upper punch is placed. With the help of the upper punch, 
pressure in the range of 60-65 MPa is applied. The removal of green compact should be 
49 
 
done with care to avoid mechanical cracks which would lead to layering of the sintered 
products. Die and punch surfaces should be highly polished in order to reduce wall 
friction. Generally, die is made of hardened steel and punches are made of tungsten 
carbide mirror finish to minimize wear and maintain surface finish. 
 
Fig.3.2. Illustration of steps involved in preparation of green compacts. 
3.1.7 Sintering 
 
Fig.3.3. Schematic diagram illustrating the effect of sintering on the volume. 
Sintering is the densification process in which the green compacts are heated to 
a temperature, which is generally in the range of 0.5 to 0.75 times of the melting 
temperature of the compounds present in green compact [7]. Fig.3.3. illustrates the 
volume reduction of calcined powders after shaping and after sintering. When green 
compacts are heated at such temperatures, the joining of the particles and the reduction 
Uniaxial Pressing  
Calcined powder 
Sintering 
Green Compact Sintered Product 
1 2 3 
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in the porosity of the green compact occurs by solid state atomic diffusion. The driving 
force for sintering is the reduction in surface free energy of the consolidated mass of 
particles. This reduction in energy can be accomplished by atom diffusion processes 
that lead to either densification of the body (by transport of matter from inside the grains 
into the pores) or coarsening of the microstructure(by rearrangement of matter between 
different parts of the pore surfaces without actually leading to a decrease in the pore 
volume). There are at least six different mechanisms of sintering in polycrystalline 
materials which lead to bonding and growth of necks between the particles and hence 
affecting the strength of the powder compact during sintering. The six different 
mechanisms are  
           1. Surface diffusion 
2. Lattice diffusion (from the surface) 
           3. Vapor transport 
           4. Grain boundary diffusion 
           5. Lattice diffusion (from the grain boundary) 
           6. Plastic flow 
The first three of the total six mechanisms mentioned above are non densifying 
mechanisms as they lead to neck growth without densification. Occurrences of these 
diffusions reduce the curvature of the neck surface (i.e., the driving force for sintering) 
and hence reduce the rate of the densifying mechanisms. Fourth and fifth mechanisms 
are the most important densifying mechanisms in polycrystalline ceramics as the 
diffusion from grain boundary to the pore permits both neck growth as well as 
densification. Plastic flow by dislocation motion also leads to neck growth and 
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densification, however this is more common in the sintering of metal powders. In 
addition to these mechanisms, the diffusion of the different ionic species making up the 
compound is coupled to preserve the stoichiometry and electro-neutrality of the 
compound. As a result, it is the slowest diffusing species along its fastest path that 
controls the rate of densification [7]. 
In general, higher the sintering temperature, larger the grains would grow, as the 
grain growth is caused by atomic diffusion, which increases with the increase in 
sintering temperature. However, the density of a ceramic is affected by the sintering 
temperature and time in a more complex fashion. Especially when processing the 
ceramics with highly volatile ceramics (Pb, Bi, etc. based ceramics), the sintering 
temperature cannot be too high or the sintering time cannot be too long as the density 
of the final product will be reduced due to evaporation of volatile substances at high 
temperatures. The properties of lead based ferroelectric ceramics are greatly affected 
by varying sintering temperature due to Pb vacancies, as evaporation of PbO occurs 
above 800oC [8]. In order to avoid lead loss, 5% excess amount of lead precursor is 
taken and sintering is done in closed alumina (Al2O3) ceramic crucible by putting 
PbZrO3 powder along with the material to be sintered for maintaining lead rich 
atmosphere. 
3.1.8 Density and Microstructure determination 
Determination of density and microstructure is important to correlate the 
properties of the ceramics with processing conditions. This also helps in tailoring the 
properties of the materials as required in various applications. Density is in general, 
measured by using Archimedes’ Principle and microstructure is evaluated by optical 
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microscopy, SEM, TEM, FESEM, etc. techniques. SEM technique is used here in this 
work. The detail discussion on density measurements and SEM will be done in the 
following sections. 
3.1.9 Electroding 
Electroding on insulating ceramics is required for testing the electrical properties 
of the ceramic materials. The selection of suitable electrode for the test materials is 
important. In the present work, the contacting, conducting thin film electrode method is 
adopted because (i) it causes minimum error, caused by air gap, between the electrode 
and surface of the test material, which is more in case of contacting rigid metal 
electrode method and (ii) procedure to measure dielectric constant is simple, which is 
relatively complex in non-contacting electrode method. In the present work, all the 
ceramic bodies after sintering were polished well and coated with conducting silver 
paste on top and bottom. For removal of organic solvents and emulsions present in the 
silver paste and for good adhesion between ceramic particles and silver plate, the silver 
painted sintered ceramic pellets were fired at 300oC for 30minutes.  
3.2 Preparation of Ceramics and Ceramic-Ceramic Composites  
           In present work, ceramic compounds, Sr0.53Ba0.47Nb2O6, Pb0.76Ca0.24TiO3, 
Pb0.85La0.15TiO3  and Ceramic composites ,Sr0.53Ba0.47Nb2O6 +xPb0.76Ca0.24TiO3 (where 
x=0.1 to 0.5 with a step of 0.1), Sr0.53Ba0.47Nb2O6 +  x Pb0.85La0.15TiO3 (where x=0.1 to 
0.5 with a step of 0.1) have been prepared by solid state reaction route. Table 3.1 
shows the ceramic compound / composition, precursors used, processing temperature 
and sample notation( for example,SBN1200 indicates the SBN ceramic system sintered 
at 1200˚C, 3C1250 indicates SBN+0.3PCT ceramic composite system sintered at 1250 
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˚C and 2L1300 indicates SBN+0.2PLT ceramic composite system sintered at 1300 ˚C) 
that are used in the following chapters. Respective precursors as mentioned in Table 
3.1 were weighed in stoichiometric proportion to prepare the ceramic compounds, 
Sr0.53Ba0.47Nb2O6(SBN), Pb0.76Ca0.24TiO3 (PCT) and Pb0.85La0.15TiO3  (PLT).Respective 
precursors were ball milled for 10h using zirconia balls as grinding media in acetone 
medium. The slurry was air dried at room temperature (RT) for 12h and then the powder 
was manually grinded for 1h in an agate mortar. The respective powders were calcined 
at different temperatures (as mentioned in Table 3.1.) for 4h.After calcination at a 
particular temperature the phase analysis was carried using XRD. The calcination 
temperature was increased in steps of 50ºC until the single phase was observed using 
XRD. In this way, single phase was observed at calcinations temperatures of 1100 oC, 
650 oC and 600 oC for SBN,PCT and PLT, respectively. The calcined powders with 
single phase, have been used to prepare the green compacts of SBN,PCT,PLT, SBN+ 
xPCT (x=0.1 to 0.5 mol) and  SBN+ xPLT (x=0.1 to 0.5 mol). 3% PVA aqueous solution 
was used as binder. The binder was thoroughly mixed using agate mortar for 1h. The 
green compacts were prepared by uniaxial press at an applied pressure of ~6.5 MPa. 
The diameter and thickness of the green compacts pellets was found to be 10mm and 
3mm. The green compacts were sintered at various temperatures as mentioned in 
Table for 4h.Sintered ceramics were silver coated using the method mentioned under 
‘electroding’ section. Dielectric constant and dielectric loss of sintered ceramics / 
ceramic composites were measured as a function of applied frequency (at RT) and as a 
function of temperature (at three different frequencies i.e. 1kHz, 10kHz and 100KHz ). 
Polarization vs. electric field (at RT) and pyroelectric properties in the temperature 
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range of RT to 200oC of these ceramics/ceramic composites have been carried out in 
present work. The detailed discussion about the techniques used for measuring 
dielectric constant, dielectric loss, polarization as a function of applied electric field and 
pyroelectric properties of the ceramics / ceramic composites is described under the 
heading of characterizations. 
Table.3.1. Summary of ceramics / ceramic composites prepared and their notation used 
in this thesis. 
Compound/Comp
osition 
Precursors / 
Materials 
Calcination 
Temperature 
Sintering 
Temperature 
Sample 
notation 
Sr0.53Ba0.47Nb2O6 
(SBN) 
Sr(NO3)2 
Ba(NO3)2 
Nb2O5 
1050˚C 
1100 oC 
1150 oC 
1200 oC 
1250 oC 
1300 oC 
SBN1200 
SBN1250 
SBN1300 
Pb0.76Ca0.24TiO3 
(PCT) 
Pb3O4 
CaCO3 
TiO2 
550 oC 
600 oC 
650 oC 
900 oC 
1000 oC 
1100 oC 
1200 oC 
PCT900 
PCT1000 
PCT1100 
PCT1200 
Pb0.85La0.15TiO3 
(PLT) 
Pb3O4 
La2O3 
TiO2 
550 oC 
600 oC 
650 oC 
900 oC 
1000 oC 
1100 oC 
1200 oC 
PLT900 
PLT1000 
PLT1100 
PLT1200 
Sr0.53Ba0.47Nb2O6 
+x Pb0.76Ca0.24TiO3 
(x=0.1 TO 0.5 ) 
SBN calcined 
at 1100 ˚C and 
PCT calcined 
at 650 ˚C 
 
---------------- 
1200 oC 
1250 oC 
1300 oC 
aC1200 
aC1250 
aC1300 
(Where a=10x) 
Sr0.53Ba0.47Nb2O6 
+x Pb0.85La0.15TiO3 
(x=0.1 TO 0.5 ) 
SBN calcined 
at 1100 ˚C and 
PLT calcined 
at 600 ˚C 
 
---------------- 
1200 oC 
1250 oC 
1300 oC 
aL1200 
aL1250 
aL1300 
(Where a=10x 
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3.3. Synthesis of Ceramic-Polymer Composites  
PVDF (Fluka, UK) with a molecular weight ~5,30,000 was used for preparation of 
PVDF and ФSBN- (1-Ф)PVDF 0-3 composite thick films. PVDF thick films were 
prepared by hot uniaxial pressing the PVDF powder at 150ºC and at an applied 
pressure of ~6.5 MPa for 30 mins and then cooled to RT under pressure. For 
preparation of composites, PVDF and SBN powders with single phase were taken in 
required volumetric proportion and mixed thoroughly using magnetic stirrer for 1h in 
order to obtain homogeneous ФSBN-(1-Ф)PVDF powders with Ф=0 to 0.3. 
Ultrasonication of SBN-PVDF powder was done for 30 min to avoid agglomeration of 
ceramic phase. SBN-PVDF composite thick films were prepared by hot uniaxial 
pressing the SBN-PVDF powder at 150 ºC and at an applied pressure of ~6.5 MPa for 
30 mins and then cooled to RT under pressure. 
3.4. Characterizations 
The following characterizing tools were used to study the phase content, micro-
structure and electrical properties of the ceramics / composites.  
1. Particle size distribution analysis 
2. Differential scanning calorimetry 
3. X-Ray diffraction study 
4. Density measurements 
5. Scanning electron microscope 
6. Dielectric characterization 
7. Polarization vs electric field 
8. Pyroelectric characterization 
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3.4.1 Particle Size Distribution Analysis 
The particle-size distribution (PSD) analysis of a powder, or granular material, or 
particles dispersed in a liquid gives an idea about the size of the particles present and 
their count. The PSD of a material can be important in understanding the physical and 
chemical properties of the powder as the size and count of the particles determine the 
surface area and number of contact points between the various particles among the 
particles participating in chemical reactions.  
The principle behind working of Malvern particle size analyzer is based on Laser 
diffraction / scattering method. Particles passing through a laser beam will scatter light 
at an angle that is directly related to their size. As the particle size decreases, the 
observed scattering angle increases logarithmically. Scattering intensity diminishes with 
particle volume. Large particles therefore scatter light at narrow angles with high 
intensity whereas small particles scatter at wider angles but with low intensity [9].To 
measure the particle size, first, the correlation between the angle and intensity of light 
scattered from a particle is detected by a series of photo detectors placed at different 
angles, and then this information is taken as input parameters for an algorithm to 
calculate the particle size based on the Mie scattering theory. The powders must not be 
agglomerated and completely dispersed in the liquid so that the scattering occurs from 
individual particles. In this work, powdered samples were well dispersed in water using 
ultrasonication technique and computer interfaced Malvern particle size analyzer 
(Model: Micro-P, range 0.05-550 micron) was used to find out the PSD of the ball milled 
SBN, PCT and PLT powders.  
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3.4.2 Differential Scanning Calorimetry / Thermo Gravimetric Analysis 
In differential scanning calorimetry (DSC), the change of material property with 
the change of temperature is recorded. In this technique the difference in the amount 
of heat required to increase the temperature of a sample and reference is measured as 
a function of temperature. Both the sample and reference are maintained at nearly the 
same temperature throughout the experiment. Generally, the temperature program for a 
DSC analysis is designed such that the sample holder temperature increases linearly as 
a function of time. The reference sample should have a well-defined heat capacity over 
the range of temperatures to be scanned. Thermo gravimetric analysis (TGA) is the 
study of weight change of the specimen as a function of temperature. The specimen 
powder is placed on a refractory pan(Alpha alumina or platinum). The pan is suspended 
from a high precision balance. A thermocouple is in close proximity to the specimen but 
not in contact, so as not to interfere with the free float of the balance. The balances are 
electronically compensated so that the specimen pan does not move when the 
specimen gains or losses weight. 
In this work, Model Netzsch, STA 449C has been used for DSC/TGA analysis. In 
all the DSC/TGA experiments ~10 mg of ball milled powder samples were taken and a 
constant heating rate, 10˚C per minute was maintained. 
3.4.3 X-Ray Diffraction Study  
X-ray diffraction (XRD) is a powerful nondestructive technique for determining the 
structure, phase, crystal orientations (texture), and other structural parameters, such as 
average grain size, crystallinity, strain, and crystal defects. As the physical properties of 
solids (e. g., electrical, optical, magnetic, ferroelectric, etc.) depend on atomic 
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arrangements of materials, determination of the crystal structure is a vital part of the 
characterization of materials. X-ray diffraction peaks are produced by constructive 
interference of a monochromatic beam of X-rays scattered at specific angles from each 
set of lattice planes in a sample. The peak intensities are determined by the atomic 
arrangements within the lattice planes. Consequently, the X-ray diffraction pattern is the 
fingerprint of periodic atomic arrangements in a given material. An online search of a 
standard database for x-ray powder diffraction patterns enables quick phase 
identification for a large variety of crystalline samples 
According to Bragg’s condition of diffraction, 
nλ = 2dsinθ                                       (3.1) 
Where, n is order of diffraction, ‘λ’ is the wavelength of the X-rays, ‘d’ is the inter planar 
distance ‘θ’ is the angle of incidence. The wavelength of the X-rays should be in the 
order of lattice spacing of the sample in order to produce diffraction peaks at specific 
angles. Fig.3.4. shows the schematic interaction of X-rays with crystal planes. 
 
Fig.3.4. Schematic representation of interaction of X-rays with crystal planes. 
59 
 
(hkl) represents the set of planes of the crystal with a particular spacing ‘d’. The relation 
between‘d’ and h,k,l is given by 
 
  
 
  
  
 
  
  
 
  
  
                          (3.2) 
Where, a,b,c are the lattice parameters. By knowing the value of ‘d’ the lattice 
parameters can be calculated. For a cubic system, as a=b=c equation (2) reduces to   
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For a tetragonal system, as a=b≠c,equation (2) reduces to 
                                                            
 
  
 
     
  
 
  
  
                                    (3.4) 
The value of ‘θ’ depends on the value of ‘d’ for a fixed X-ray wavelength. 
Normally only first order reflections are considered while calculating the ‘d’ values. The 
intensity of the peak observed at an angle ‘θ’ depends on various factors like structure 
factor, state of the specimen, exposure time, etc. The kinematics theory of X-Ray 
diffraction describes that for a perfect crystal the spread in the intensity distribution 
curves, the nature and extent of the intensity spread is an obvious measure of crystal 
imperfection present in the sample under study. Since the different types of defects may 
be co-existent in crystalline materials, the problems that arise are of separation of 
different types of defects and identification and quantitative estimation of the extent and 
distribution of each type of defects. The different factors affecting the diffraction 
intensities can be grouped into a single expression, used in calculating the relative 
intensities of reflections. For powder method, the intensity is  
                                
        
            
                                     (3.5)  
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Where, J is multiplicity factor, F is structure factor which is defined as  
                                                                 (3.6)  
Where, fj is atomic scattering factor and A is absorption coefficient 
 
 
      (μ is the 
linear absorption coefficient of the specimen, x is the distance traversed by the beam 
and v is the volume of the crystal exposed to X-rays). 
Considering, 100% relative intense peak, mean size of ordered domains    ‘ (crystallite 
sizes) which may be smaller than the grains, can be estimated using the Scherer 
equation,  
                                                            
  
  
 
      
                          (3.7)            
where, ’K’ is shape factor, ‘λ’ is the wavelength of the X-rays, β1/2 is full width at half 
maxima of the most intense peak and θp is the Bragg angle of the peak. 
The following information can be obtained from the X-ray powder diffractogram 
(i) Quality and confirmation of the prepared samples, (ii) The inter planar spacing ‘d’ of 
the reflections, (iii) The intensities of the reflections, (iv) The unit cell dimensions and 
lattice type.  In this work, Philips X' Pert System X-ray diffractometer (PW 3020) with Cu 
Kα radiation (λ =1.5405Ǻ) was used for XRD of the ceramics/composites. 
3.4.4Fourier Transform Infrared Spectroscopy 
Fourier transform infrared (FT-IR) spectroscopy is a powerful analytical tool for 
characterizing and identifying organic/inorganic samples. Using the IR spectrum, 
chemical bonds and the molecular structure of organic/inorganic compounds can be 
identified. FTIR spectroscopy is used to obtain infrared spectrum of absorption, 
emission and photoconductivity of a solid, liquid or gas. FTIR spectrometer 
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simultaneously collects spectral data in a wide spectral range. The discrete absorption/ 
emission of infrared radiation depend on the bonds present in the material as the bond 
energies are quantized. In this work, FTIR studies were carried on PVDF-SBN powders 
dispersed in analytical grade KBr using Perkin-Elmer IR spectrophotometer with a 
resolution of 4 cm-1, in the range of 400- 1,000 cm-1.  
 3.4.5 Density Determination        
 For better practical applications density of the synthesized materials should be 
close to the theoretical density of the materials. Theoretical density can be determined 
by knowing the lattice parameters from XRD.  The theoretical density ‘ρTh’ can be 
defined as,       
                                                    
   
  
  
   (3.8)   
Where, A=ni.Mi, niis number of atoms per unit cell and Mi is atomic weight. ‘N’ is 
Avogadro’s number and ‘V’ is the volume of the unit cell.     
 For measuring the actual density of the ceramics / composites Archimedes 
principle was employed. The experimental bulk density using Archimedes principle can 
be calculated using the formula         
          
         
                            
                         (3.9)        
For measuring dry weight, the samples were heated at 100˚C to avoid moisture and 
then weighed by a digital electronic balance. For measuring soaked weight, the samples 
were taken in a beaker filled with kerosene oil. Kerosene oil is used as pore filling liquid 
as it has better wetting capacity compared to water and it is easier to dry out the 
kerosene oil. Especially, even when the samples are hygroscopic, kerosene oil is 
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preferred over water. This beaker was kept in a desiccator connected with a suction 
pump to suck the air i.e. to create vacuum. As the air is sucked out by the pump, 
vacuum is created and the air trapped in the pores of ceramic bodies comes out from 
the surface of the kerosene and the pores are eventually filled with kerosene. The 
suction pump was stopped when no air bubbles were visible in the kerosene and the 
vacuum was slowly released. The beaker was taken out from desiccator. The soaked 
weight of the ceramic bodies (whose pores are filled with kerosene) was measured by a 
digital electronic balance. After the soaked weights were measured, the samples were 
suspended in kerosene oil with the help of a specially designed hanging pan to hold the 
ceramic bodies inside kerosene oil and the weight was measured which is suspended 
weight. The experimental bulk density of a particular specimen determined based on 
Archimedes principle is usually less and cannot exceed the X- ray density, because the 
macroscopic specimen usually contains some cracks and pores. 
3.4.6 Scanning Electron Microscopy 
 
Fig.3.5. The possible outcomes when an energetic electron beam interacts with matter. 
The scanning electron microscopy (SEM) is a handy technique to evaluate the 
topography and morphology composition of the materials with a spatial resolution of 
1nm .The sample surface is imaged by scanning with a high-energy beam of electrons 
in a line by line (raster scan) pattern. Fig.3.5. illustrates the possible phenomena that 
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can occur when a beam of highly energetic electrons strikes the material. Back 
scattered electrons are the electrons scattered either elastically or inelastically from the 
surface of the material. The secondary electrons are the electrons produced during 
ionization of atoms in the material due to incident (primary) electrons. Various 
electromagnetic radiations are produced due to spontaneous de-excitation of electrons 
in atoms. Secondary electrons / back scattered electrons are detected and these 
signals are used for imaging the topography / composition of the material. In the present 
study, the SEM images were taken using scanning electron microscope (SEM: JSM-840 
scanning microscope JEOL). In the present study, the samples are non-conducting 
therefore a thin layer of platinum is coated using a sputter coater to avoid potential build 
up. Average grain size was measured from SEM images using diagonal line intercept 
method. In diagonal line intercept method, diagonal lines are drawn on the SEM image 
and the drawn line length is measured using the scale bar indicated on the image. The 
number of grains intercepted by these diagonal lines was counted. Then the average 
grain size was calculated by dividing the length of the line by the number of grains 
intercepted by the diagonal line. To evaluate the average grain size, 10 diagonal lines 
with equal spacing were drawn to minimize the error. 
3.4.7 Energy Dispersive X-Ray Analysis (EDX) 
EDX analysis technique is commonly used in conjunction with SEM instrument to 
determine the chemical composition of the material. EDX analysis is based on the 
principle that each element has a unique atomic structure allowing unique set of peaks 
on its X-ray spectrum [10]. As discussed in previous section, when an electron beam 
with energy of ~10-20keV strikes the material, X-rays are emitted along with other 
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electromagnetic radiations. These X-rays are generated from the atoms present in a 
region of material surface to a depth of 2microns. These X-rays are detected by suitable 
detectors and the signals are analyzed to know the chemical composition. The limitation 
of EDX analysis is that elements with low atomic number (<11) cannot be detected. 
3.4.8 Dielectric Measurement 
The merits of the ferroelectric materials synthesized can be determined by 
knowing the values of dielectric constant (permittivity) and dielectric loss. In this work, 
LCR HiTester (3532-50,Hioki, Japan) was used to measure the dielectric constant and 
dielectric loss. LCR meters measure the various electrical parameters at low 
frequencies employing auto balancing bridge. Fig.3.6. shows the schematic diagram of 
auto balancing bridge method. Z is the impedance of the material (in the form of 
electrode pellet), Z1 and Z2 are known impedance and Zx is variable impedance. Zx is 
varied until no current flows through G. Under balanced condition, Z can be calculated 
as  
                                                       Z= (Z2/Z1) ZX                               ( 3.10) 
                                                
Fig.3.6. Schematic diagram of auto balancing bridge. 
Z1 
Z2 
Zx 
Z 
G 
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Knowing the value of Z, the resistance component (R) and reactance component (X) 
can be calculated. Capacitance (C) and dielectric loss (tanδ) can be calculated using 
the following formula C =1 / 2 π f X and dielectric loss: tanδ = R / X. Knowing the 
capacitance C, dielectric constant can be calculated as  
                                             
    
   
                              (3.11) 
where, ε0: Permittivity of free space in farad per meter (8.854 x 10
-12F/m) 
           εr: Dielectric constant or relative permittivity of the sample.  
           A : Area of each plane electrode in square meters (m2) 
           d : Thickness of the electrode ceramic sample in meters (m)  
For measuring the Curie temperature (Tc), at different frequencies the dielectric 
constant as a function of temperature was measured. This was done by keeping the 
sample holder in a computer controlled heating furnace. The heating rate was 
maintained at 3˚C/min for all the measurements. 
3.4.9 Polarization Vs Electric field Measurements 
Spontaneous polarization, coercive field and remanant polarization are the key 
parameters to test the nature of a ferroelectric material. These parameters are 
evaluated by applying electric field and measuring the hysteresis using a modified 
Sawer-Tower circuit, shown in Fig.3.7. By knowing the charge accumulated in the series 
capacitor the charge stored in the test sample can be measured. Conventionally, the 
voltage across test sample is connected to vertical (V) deflection of oscilloscope and the 
applied voltage is displayed as the horizontal (H) deflection. In this work computer 
interfaced PE loop tracer was used.  
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 Fig.3.7. Modified Sawer-Tower circuit . 
3.4.10 Poling 
Electrical poling of ferroelectrics is essential for better performance in device 
applications. For poling, the material is heated (typically, 20˚C below transition 
temperature) and a high electric field is applied across it for certain duration. The 
domains within grains of the polycrystalline material rotate in the direction of the field 
and get frozen when the material is cooled in the presence of the field. A number of 
ceramics crystallize with the perovskite structure and when they poled show extremely 
high piezoelectric coefficient. This ‘thermal poling’ is the oldest method, which has been 
extensively adopted for polymers and other dielectrics. The charge transport in such 
dielectrics is strongly dependent on temperature. It has been found that amount of 
stored electric charge in dielectric materials increases with poling time and poling field, 
till it saturates. Two other charging methods, viz. corona charging and electron beam 
injection can also be adopted for materials with higher melting point. In corona charging, 
a corona grid is placed over the material and the current flowing through the sample is 
maintained at a constant value. In electron beam charging an electron gun is used. The 
sample is biased under the high electric field and interstitial polarization is detected. 
 
Test 
Material V H 
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Fig. 3.8.Schematic diagram of corona poling unit. 
In this study, corona poling technique is used. Fig.3.8 shows the poling setup 
used for this work. This unit consists of a sharp corona needle made of brass rod of 
~2mm diameter. A ring shaped grid of 12 mm diameter, made of thin copper wire was 
kept between the tip of the corona needle and conducting hot plate in such a way that 
the tip of the needle is 1mm above the centre of the grid. The sample to be poled was 
placed on the conducting hot plate and a high voltage (~ 5kV) was applied between the 
corona needle and the hot plate. This voltage was chosen to be slightly higher than the 
voltage at which corona discharge starts. A bias voltage (~1kV) was applied between 
the grid and conducting hot plate to accelerate the ions caused by the breakdown of the 
air, which impinge on the sample. The samples were preheated at a temperature about 
75°C, using the temperature controller. The samples, while maintained at elevated 
temperature, were subjected to corona discharge for 30 mins. The heater was then 
turned off while maintaining the corona voltage till the temperature of the specimen 
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reached RT. The onset of the corona was seen as a spray of blue flame from the tip of 
corona point diverging towards the sample electrode. 
3.4.11 Pyroeletric Measurements 
 
Fig.3.9. Blockdiagram of the pyroelctric measurement setup  
In the present study, pyroelectric measurements were done using static Bayer 
Roundy method in order to determine the pyroelectric coefficient and figure of merits of 
the various studied samples. The block diagram for pyroelectric measurements is 
shown in Fig.3.9. Pyroelectric current (I) was measured using a pico-ammeter by 
heating the top and bottom electroded poled samples at a heating rate of 2˚C/min. 
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CHAPTER - 4 
Structural and Electrical Properties of 
SBN, PCT & PLT Ceramics 
As discussed in Chapter 2 that from literature survey, SBN,PCT and PLT ceramic 
materials are found to exhibit good pyroelectric properties. This chapter discusses about 
the structural, morphological, dielectric, ferroelectric and pyroelectric properties of 
SBN,PCT and PLT ceramic materials prepared by conventional solid state reaction 
route.   
4.1 Introduction 
Strontium barium niobate (SBN) was first synthesized and identified as a 
ferroelectric system in the1960s with tetragonal tungsten bronze (TTB) structure at 
room temperature [1].This system, strontium barium niobate, SrxBa1-xNb2O6/SBNis 
found to exist in tetragonal tungsten bronze (TTB) structure for x = 0.32–0.82 [2]. 
Because of its excellent pyroelectric [3] and linear electro-optic effects with low half-
wave voltage and photo refractive sensitivity [4-8]SBN has many technological 
applications such as electro-optic, pyroelectric, holographic data storage, piezoelectric, 
and photorefractive devices. The SBN compositions, with x ≥ 0.5 are found to possess 
high pyroelectric coefficients at room temperature [9].  
Lead titanate (PT), a perovskite-type ferroelectric material, with large 
spontaneous polarization and a relatively small εr is a suitable material for pyroelectric 
infrared detector applications [10]. However, due to large tetragonal strain, PT system 
has poor mechanical properties and hence the poling of the PT system becomes 
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difficult [11].Therefore, much attention has been focused on the modification of PT 
system by substitution with the purpose of obtaining improved mechanical and electrical 
properties. The incorporation of isovalent ions (Ca2+, Ba2+, Sr2+) and off-valent ions 
(La3+,Sm3+, Nd3+, Gd3+) in PT system results in the reduction of lattice anisotropy 
leading to hard and dense ceramics with high mechanical strength [12–17]. These 
modifications in PT system are reported to enhance the dielectric, ferroelectric, 
piezoelectric and pyroelectric properties [18]. 
 Pb1−xCaxTiO3 ceramic has recently attracted much attention for use in 
pyroelectric devices and ferroelectric memories. The optimum value of 24 mol% 
concentration of calcium in Pb1−xCaxTiO3 system is found to show good mechanical 
properties while maintaining better ferroelectric properties [19].  The system 
Pb1−xLaxTiO3 depending on content of ‘x’ has been found to exhibit intriguing physical 
properties which are exploited in many important technological applications such as 
pyroelectric, piezoelectric or electro-optic materials, optical waveguides, infrared 
sensors, dynamic random access memories and non-volatile memories [20,21]. 
15 mol% concentration of lanthanum in Pb1−xLaxTiO3 system is found to be most 
suitable for pyroelectric applications [22]. 
In this work, SrxBa1-xNb2O6 with x = 0.53(SBN), Pb1−xCaxTiO3with x=0.24 (PCT) 
and Pb1−xLaxTiO3with x=0.15 (PLT) systems have been prepared by solid state reaction 
route and their structural, dielectric, ferroelectric and pyroelectric properties have been 
investigated and discussed in detail.   
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4.2 Thermal analysis 
Fig.1 shows DSC and TGA curves of ball milled and dried precursor powders of 
SBN,PCT and PLT compositions. The overall weight loss from the room temperature to 
10000C is ~ 17%, ~ 4.6% and~ 3.5% for SBN, PCT and PLT, respectively. The 
observed weight loss of ~14% in the temperature range of 5500C to 6500C in case of 
SBN can be due to evaporation of NO2 andO2 resulting from decomposition of strontium 
nitrate and barium nitrate. The broad and diffuse exothermic peak about 1100ºC with no 
substantial weight loss can be attributed tophase formation /changes in the SBN 
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Fig.4.1. DSC and TGA curves of ball milled powders (a) SBN; (b) PCT and (c) PLT. 
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precursor powder. This hints that the phase formation of SBN should be around 1100 
ºC. In case of PCT, the observed weight loss in the temperature range of 500 to 600 ºC 
can be attributed to decomposition of CaCO3 into CaO and volatile CO2. The further 
weight loss in the temperature range of 600 to 775 ºC can be due to decomposition of 
Pb3O4 into PbO and volatile O2 [23]. The exothermic peak centered about 650ºC, 
indicates that the phase formation of PCT starts around this temperature. In case of 
PLT, the step wise weight loss can be attributed to reactions among the precursors 
leading to formation of intermediate compounds in the process of formation of PLT. No 
significant weight loss is observed beyond 700ºC, which suggests that the phase 
formation of PLT is ~700ºC .   
4.3 Phase Analysis Using XRD  
Fig. 4.3 shows the XRD patterns of SBN, PCT and PLT ceramic powders 
calcined at different temperatures (for 4h) as indicated in the figure. The XRD patterns 
were analyzed by matching the observed peaks with the standard pattern provided 
by JCPDS file. In Fig.4.3a, the peaks marked ‘Δ’ correspond to SBN phase and peaks 
marked *correspond to the intermediate phases i.e. SrNb2O6/ BaNb2O6 phases[24]. The 
XRD pattern of SBN powder calcined at 1100ºC shows peaks corresponding to single 
tungsten bronze phase hence 1100ºC is optimized as calcination temperature of SBN.  
In Figs.4.3b and 4.3c, the peaks marked ^ correspond to perovskite phase and peaks 
marked # correspond to the pyrochlore/intermediate phases. In Fig.4.3c, the XRD 
pattern of PCT powder calcined at 600ºC shows peaks corresponding to pyrochlore 
phase(at 2θ ~29.5º) and intermediate phases whereas the XRD pattern of PCT powder 
calcined at 650ºC show peaks corresponding to single perovskite phase hence  650ºC 
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is optimized as the calcination temperature of PCT system. In Fig.4.3c the XRD pattern 
of PLT powder calcined  at 600ºC shows peaks corresponding to single perovskite 
phase hence  600ºC is optimized as calcination temperature of PLT system. The lower 
calcination temperature of PLT system compared to PCT system can be attributed to 
the choice of precursors. CaCO3 precursor used to prepare PCT need to be 
decomposed first into CaO and CO2 before it takes part in the phase formation. Usually, 
carbonates decompose around 600 ºC. Whereas for preparation of PLT system, only 
oxide precursors were used hence the phase formation can start at lower temperature.  
Fig. 4.3 shows the XRD patterns of SBN, PCT and PLT ceramic powders sintered at 
different temperatures (for 4h) as indicated in the figure. Sharp and distinct XRD peaks 
are obtained for all the samples, which suggest the good crystalline and homogenous 
nature of these ceramic samples [25]. The XRD lines were indexed in tetragonal crystal 
structure using a computer program package ‘Powdmult’ [26]. Standard deviation (SD= 
Ʃ(dobs–dcal), where ‘d’ is inter-plane spacing) is found to be minimum for tetragonal 
tungsten bronze structure for SBN and tetragonal structure for PCT and PLT samples, 
respectively. Lattice parameters of all the samples were refined using Chekcell program 
[27]. The lattice parameters obtained after refinement and calculated c/a ratio and unit 
cell volume of all the sintered samples are given in Table.4.1. The unit cell volume of 
SBN is found to be maximum for SBN1300. The c/a ratio is observed in case of PCT 
and PLT ceramics is in agreement with the earlier reports [28,29]. 
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Fig.4.2. XRD patterns of (a)SBN, (b) PCT and (c) PLT ceramic powders calcined at  
different temperatures. 
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Fig.4.3. XRD patterns of (a)SBN, (b) PCT and (c) PLT ceramic powders sintered at 
different temperatures. 
77 
 
Table.4.1. Various physical parameters of SBN, PCT and PLT ceramics. 
 
Sample a (Å) c (Å) c/a Volume 
(Å3) 
Density 
(%ρTh) 
Grain Size 
(μm) 
 SBN1200 
 SBN1250 
 SBN1300 
12.4503 
12.5075 
12.5137 
3.9383 
3.9472 
3.9633 
-- 
-- 
-- 
610.47 
617.49 
620.62 
82.5 
92.4 
96.9 
1.89 
2.02 
2.24 
 PCT900 
 PCT1000 
 PCT1100 
 PCT1200 
3.8995 
3.9085 
3.8868 
3.9067 
4.0699 
4.0791 
4.0758 
4.0607 
1.0437 
1.0436 
1.0486 
1.0394 
61.89 
62.31 
61.57 
61.98 
90.6 
94.6 
96.8 
96.9 
1.32 
1.78 
2.57 
3.42 
 PLT900 
 PLT1000 
 PLT1100 
 PLT1200 
3.9168 
3.9038 
3.9033 
3.9288 
4.0772 
4.1248 
4.0638 
4.0244 
1.0409 
1.0566 
1.0411 
1.0243 
62.55 
62.86 
61.92 
62.12 
92.3 
94.1 
95.9 
96.1 
0.85 
1.24 
1.89 
2.34 
 
4.4 Density and Surface Morphology Study 
The density of the SBN, PCT and PLT ceramics sintered at different 
temperatures is mentioned in Table 4.1. In case of SBN, highest density of ~96.9%ofρTh 
was obtained for SBN 1300. In both the cases of PCT and PLT, the density is found to 
increase with the increase in sintering temperature. At a particular temperature of 
sintering, the density of PCT system is found to be more compared with the density of 
PLT system. This can be explained on the basis of ionic diffusion rate. The ionic radii of 
Ca2+,La3+ and Pb2+ ions are ~1.00, 1.032and 1.19 nm, respectively [30]. The diffusion 
coefficient is directly proportional to the temperature and inversely proportional to the 
radius of diffusing particles [31]. Hence, a relatively low diffusion of La3+ ions occurs 
compared to diffusion of Ca2+ ions along the grain boundaries during sintering leading to 
higher densities. Fig.4.4. shows the SEM morphology of SBN1300, PCT1200 and 
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PLT1200 ceramic samples, respectively. Microstructures (with different grain size and 
different packing) similar to these SEM images are observed in the SBN,PCT and PLT 
samples sintered at different temperatures. Linear intercept method is used to find out 
the average grain size. The average grain size of all the samples is mentioned in 
Table4.1. The grain size is found to increase with increase in sintering temperature in all 
the three SBN, PCT and PLT systems. 
 
 
 
Fig.4.4. SEM images of as-sintered surface of ceramics (a) SBN1300, (b) PCT1200 and   
(C) PLT1200. 
 
 
(a)  (b) 
 (c) 
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4.5 Dielectric Properties 
 
Fig.4.5 shows the variation of εr and tanδ at 10 kHz frequency with temperature 
of SBN,PCT and PLT ceramics sintered at different temperatures. The plot of εr vs. 
temperature is a typical behavior of a ferroelectric system, which confirms phase 
transition of that material at a temperature called as Curie temperature (Tc). Values of εr 
and tanδ at RT and Tc of SBN, PCT and PLT ceramics are given in Table 4.2. In all the 
ceramics, the value of ɛr is found to increase with the increase in sintering temperature. 
This can be attributed to the increase in grain size. The increase in grain size leads to a 
decrease in thickness of the relatively more insulating grain boundary layer [32]. The 
grain boundary region is disordered in comparison with grain and has lower dielectric 
permittivity than the bulk. Therefore ɛr value increases with the increase in grain size.  In 
case of SBN, the values of εr and tanδ is found to increase with the increase in sintering 
temperature. The observed lower values of of εr and tanδ in case of SBN1200 and 
SBN1250 ceramics compared to the values observed in SBN1300 ceramic sample can 
be explained considering the density of these ceramics. The lesser density implies more 
porosity and hence lower εr and tanδ [33]. In case of PCT ceramics at RT, low values of 
εr and tanδ are observed. 
The observed values of TC ~310 ºC is in accordance with the earlier reports on 
PCTceramics [34]. In case of PLT ceramics, thevalue of TC is found to increase with the 
increase in sintering temperature. The increase in Tc with sintering temperature can be 
related to the porosity of ceramics. Tc is proportional to internal stress in the system 
[35]. The pores help in relieving the internal stress. Since in the present study, with the 
increase in sintering temperature, the porosity is decreasing and hence increase in 
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internal stress, which gives rise to increase in Tc. In all the ceramic samples a tanδ peak 
before dielectric Tc is observed which is a general feature of ferroelectrics [36,37]. It is 
known that the dielectric loss is a sum of the relaxation loss of the dipoles and the 
resistive loss [38]. The relaxation loss comes from relaxation of the dipoles which 
expend energy and the resistive loss comes from energy consumed by free carriers 
generated by oxygen vacancies [39]. The increase or decrease in the value of tanδ with 
increase in temperature can be a consequence of increase or decrease in relaxation 
time with temperature.  
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Fig.4.5(b) 
81 
 
 
25 50 75 100 125 150 175 200 225 250 275 300
1000
2000
3000
4000
5000
6000
7000
Temperature(
O
C)

r
PLT900
PLT1000
PLT1100
PLT1200
@10kHz
25 50 75 100 125 150 175 200 225 250 275 300
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
ta
n

Temperature(
O
C)
PLT900
PLT1000
PLT1100
PLT1200
@10kHz
 
Fig.4.5 (c) 
Fig.4.5. Variation of εr and tanδ (at 10kHz) with temperature of (a) SBN, (b) PCT and (c) PLT 
ceramics. 
 
Table.4.2.Dielectric and P-E hysteresis loop parameters of SBN, PCT and PLT 
ceramics sintered at different temperatures. 
Sample 
Dielectric Parameters 2Pr 
(μC/cm2) 
Pmax 
(μC/cm2) 
2Ec 
(kV/cm) 
Emax 
(kV/cm) εr & tan δ(at RT) Tc(ºC) 
SBN1200
SBN1250
SBN1300 
664 & 0.0285 
934 & 0.0395 
1386 & 0.0691 
114 
105 
99 
1.66 
1.68 
2.02 
3.77 
4.72 
4.25 
3.73 
3.81 
3.96 
11.71 
14.79 
11.15 
PCT900 
PCT1000 
PCT1100 
PCT1200 
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4.6 Ferroelectric Properties 
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Fig.4.6. PE-Hysteresis loops of (a) SBN, (b) PCT and (c) PLT ceramics sintered at 
different temperatures.  
The room temperature P-E hysteresis loops of SBN, PCT and PLT ceramics sintered 
at different temperatures are shown in Fig.4.6. The development of hysteresis loops in 
all the ceramic samples confirms the ferroelectric nature. The RT values of remnant 
polarization (Pr), maximum polarization (Pmax), maximum electric field (Emax) and 
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coercive field (Ec) of all the samples are summarized in Table 4.2. At a particular electric 
field, the value of polarization is found to increase with increase in the sintering 
temperature in all the three SBN, PCT and PLT systems, respectively. This can be 
explained by considering the increase in grain size with the increase in the sintering 
temperature in all the three SBN, PCT and PLT systems, respectively. The increase in 
grain size favours the formation of non 180° domains in order to relieve the internal 
stresses when cooled through Tc. These 180° domains switch easily with the applied 
electric field resulting in higher polarization [40].  It can be observed that irrespective of 
the sintering temperatures PCT and PLT ceramics show higher values of 2Pr compared 
to SBN ceramics. It is well known that lead based ferroelectric systems show better 
properties in comparison with lead free materials [41]. 
4.7 Pyroelectric Properties 
Fig.4.7. shows the variation of pyroelectric coefficient (pi) with temperature of 
poled ceramic samples of SBN, PCT and PLT systems, respectively. The value of pi is 
found to increase continuously with temperature (from RT to 200ºC) in PCT and PLT 
systems whereas SBN ceramics (except SBN1350 and SBN1400) showed a broad and 
diffuse peak near the Tc. It is well known that pyroelectric materials exhibit similar 
pyroelectric properties as that of dielectric properties variation with temperature. PCT 
and PLT systems have dielectric Tc around ~310  and 260ºC, hence no peak is 
observed (from RT to 200ºC) whereas SBN system has a Tc around ~110ºC hence a 
peak nature is observed around this temperature. The room temperature values of pi, 
FOMI and FOMII (calculated using equations 1.4,1.5 and 1.6, respectively) of SBN, PCT 
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and PLT ceramic samples are mentioned in Table 4.3. It is clear that the FOMI and 
FOMII values of PCT and PLT ceramics are higher in comparison with the FOMI and 
FOMII values of SBN ceramics.  
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Fig.4.7. Variation of pyroelectric coefficient (pi) with temperature of (a) SBN, (b) PCT 
and (c) PLT ceramics sintered at different temperatures. 
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Table.4.3. Room temperature pyroelectric coefficient and figure of merits of SBN,PCT 
and PLT ceramics sintered at different temperatures. 
Sample pi  
(μC/m2 K) 
FOMI 
(μC/m2 K) 
FOMII 
(μC/m2 K) 
SBN1200 
SBN1250 
SBN1300 
-79 
-43 
-24 
18.16 
7.08 
2.45 
0.119  
0.046  
0.017  
PCT900 
PCT1000 
PCT1100 
PCT1200 
-93 
-42 
-78 
-152 
86.65 
39.36 
97.91 
194.54 
0.646  
0.269  
0.467  
0.822  
PLT900 
PLT1000 
PLT1100 
PLT1200 
-33 
-526 
-271 
-412 
10.14 
56.77 
113.75 
40.11 
0.054  
0.968  
0.353  
0.392  
 
4.8 Conclusions 
Single phase of SBN (tetragonal tungsten bronze), PCT (tetragonal perovskite) and 
PLT (tetragonal perovskite) ceramics was obtained at calcination temperatures of 1100, 
650 and 600ºC, respectively. Ceramics with density as high as ~ 96.82, 96.14 and 
96.91% of ρTh were obtained in SBN1350, PCT1200 and PLT1200 ceramics, 
respectively. With the variation of sintering temperatures Tc was foundto vary between 
99 and 114ºC for SBN system, between 310 and 311ºC for PCT system and between 
262 and 269ºC for PLT systemfrom dielectric measurements. The values of 2Pr, FOMI 
and FOMII of PCT and PLT systems were found to be higher than that observed in SBN 
system.  
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CHAPTER - 5 
Structural and Electrical Properties of  
SBN-PCT and SBN-PLT Ceramic Composites 
In this chapter, structural, morphological, dielectric, ferroelectric and pyroelectric 
properties of SBN +xPCT (x=0.1 to 0.5 mol%) and SBN +xPLT (x=0.1 to 0.5 mol%) 
ceramic composites are discussed. These composites were prepared by conventional 
solid state reaction route and the detailed description about preparation and 
characterizations are given in Chapter-3. 
5.1. Phase analysis using XRD  
Figs.5.1 and 5.2 show the XRD patterns of SBN+xPCT (x=0.1 to 0.5 mol%) and 
SBN+xPLT (x=0.1 to 0.5 mol%) ceramic composites sintered at 1200,1250 and 1300˚C 
temperatures, respectively. For reference, the XRD patterns of SBN and PCT1200 are 
included in Fig.5.1 and the XRD patterns of SBN and PLT1200 are included in Fig.5.2, 
respectively. The peaks corresponding to both the constituent phases i.e. TTB (SBN) 
and perovskite (PCT/PLT) phases are identified in the XRD patterns of all the sintered 
samples. This implies that no significant chemical reaction has occurred between SBN 
and PCT or PLT system. The XRD peaks corresponding to perovskite phase become 
prominent with increase in the content of PCT/PLT in the (SBN+xPCT)/(SBN+xPLT) 
composite. In all the sintered samples, with increase in sintering temperature, the 
highest intensity peak (101) corresponding to perovskite phase is found to decrease. 
This may be due to the decrease in the crystallinity (orientation of planes) of the 
perovskite phase with the increase in sintering temperature. The decrease in the 
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crystallinity can be a consequence of loss of lead as PbO vaporization [1]. The PbO 
vaporization mechanism explained by Northrop [2] is described as: 
 
The loss of PbO depends on the diffusion of Pb2+ and O2- ions. The activation energy for 
diffusion is controlled by the energy to move atom from one site to the other [3]. Hence, 
at higher sintering temperatures, higher diffusion of Pb2+ and O2- occurs causing higher 
lead loss resulting in decrease of crystallinity.Figs.5.3 and 5.4 show the variation of the 
unit cell volumes as a function of ‘x’ of the constituent phases of SBN+xPCT (x=0.1 to 
0.5 mol%) and SBN+xPLT (x=0.1 to 0.5 mol%) ceramic composites, respectively. The 
unit cell volumes are calculated using the refined lattice parameters obtained using 
Checkcell program [4]. The unit cell volume of PCT phase (in SBN+xPCT composite) is 
found to decrease with the increase in sintering temperature (with an exception for 
x=0.4) and the unit cell volume of PLT phase (in SBN+xPLT composite) is found to 
increase withthe increase in sintering temperature (with an exception for x=0.1 and 0.5).  
The unit cell volume of SBN phase does not seem to have any correlation with either 
with temperature or with the ‘x’ content. 
 
 
 
 
 
(5.1) 
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Fig.5.1. XRD patterns of SBN, SBN+xPCT and PCT ceramics sintered at different 
temperatures 
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Fig.5.2. XRD patterns of SBN, SBN+xPLT and PLT ceramics sintered at different  
temperatures. 
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Fig.5.3. Variation of unit cell volume of the SBN and PCT phases in SBN+xPCT 
ceramic composites as a function of ‘x’. 
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Fig.5.4. Variation of unit cell volume of the SBN and PLT phases in SBN+xPLT ceramic 
composites as a function of ‘x’.  
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5.2 Density and Surface Morphology 
 
Figs.5.5 and 5.6 show the variation of density as a function of ‘x’ of SBN+xPCT 
(x=0.1 to 0.5 mol%) and SBN+xPLT (x=0.1 to 0.5 mol%) ceramic composites, 
respectively. The density of all the ceramic samples (except for x=0.3 and 0.5 of 
SBN+xPCT composite) is found to increase with the increase in sintering temperature. 
For a particular value of ‘x’ and for a particular sintering temperature, the density of 
SBN+xPCT ceramic composites is found to be higher than the density of SBN+xPLT 
ceramic composites.      
Figs.5.7 and 5.8 show the SEM morphology of SBN+xPCT (x=0.1 to 0.5 mol%) 
and SBN+xPLT (x=0.1 to 0.5 mol%) ceramic composites sintered at 1250˚C, 
respectively. Similar microstructures (with different grain size) images are observed in 
the ceramic composites sintered at 1200 and 1300˚C temperatures. The grains 
corresponding to constituent phases could not be distinguished in these images.Non 
uniform grain distribution is observed in all the samples.  Dense packing is observed in 
the ceramic composites with x≥0.3. 
It is a well-known fact that the sintering of lead based materials at high 
temperatures and for longer durations result to evaporation of lead oxide from the 
material, which leads to stoichiometric deviation. In order to confirm the stoichiometry in 
the sintered ceramic composites, EDX analysis was carried out. Table.5.1 lists the 
calculated and observed weight percentage of lead in the sintered ceramic composites. 
Stoichiometric deviations were observed in spite of carrying out the sintering in a lead 
rich atmosphere as mentioned in the experimental procedure. However, at 1200˚C 
sintering temperature, stoichiometric deviations were less compared to other 
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temperatures. Sintering of this ceramics could not be done at lower temperatures (< 
1200˚C) as it would result in lower densities which is detrimental to electrical properties.     
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Fig.5.5. Variation of the density of SBN+xPCT ceramic composites as a function of ‘x’ at 
different sintering temperatures. 
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Fig.5.6.Variation of the density of SBN+xPLT ceramic composites as a function of ‘x’ at 
different sintering temperatures. 
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Fig.5.7.SEM images of SBN+xPCT ceramic composites as- sintered at 1250˚C.(a) 
x=0.1, (b) x=0.2, (c) x=0.3, (d) x=0.4 and (e) x=0.5.  
(a) 
(e) 
(c) (d) 
(b) 
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Fig.5.8.SEM images of SBN+xPLT ceramic composites as-sintered at 1250˚C.(a) 
x=0.1, (b) x=0.2, (c) x=0.3, (d) x=0.4 and (e) x=0.5. 
(e) 
(c) (d) 
(b) (a) 
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Table.5.1. Weight percentage of lead in the ceramic composites sintered at different 
temperatures.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3 Dielectric Properties 
 
Figs.5.9 and 5.10 show the variation of εr and tanδ at an applied frequency of 
10kHz with temperature of SBN+xPCT and SBN+xPLT ceramic composites sintered at 
different temperatures, respectively. The values of εr and tanδ (at RT) and the 
ferroelectric to paraelectric transition temperature (Tc) of SBN+xPCT and SBN+xPLT 
ceramic composites are given in Table 5.4. All the ceramic composites show broad and 
diffuse phase transition. Generally, the diffuse phase transition is attributed to 
inhomogeniety in the chemical composition at nano or micro scale region [5,6]. This can 
be better explained considering the modified Curie–Weiss Law. The Curie Weiss law 
 
Sample 
 
Mol% 
 
%Pb 
Calculated 
%Pb detected in the 
samples sintered at 
1200˚C 1250 ˚C 1300 ˚C 
 
 
SBN+xPCT 
 
0.1 
0.2 
0.3 
0.4 
0.5 
3.76 
7.07 
10.02 
12.65 
15.02 
3.81 
7.1 
9.93 
12.34 
14.52 
3.72 
6.91 
9.42 
11.81 
13.79 
2.15 
6.02 
8.65 
11.04 
12.25 
 
 
SBN+xPLT 
0.1 
0.2 
0.3 
0.4 
0.5 
4.17 
7.80 
10.99 
13.82 
16.33 
4.11 
7.52 
10.71 
13.07 
15.24 
4.12 
6.97 
9.23 
12.45 
14.26 
3.98 
6.44 
9.36 
11.87 
13.88 
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(Equation 1.4) in paraelectric state fails to satisfy the diffuse phase transitions observed 
in many ferroelectric systems. Hence, equation 1.4. is modified to  
                         
 
 
 
 
  
  
      
 
     
                   (5.2)  
where, ε is dielectric constant, εm is the maximum dielectric constant, T is 
temperature, Tm is the temperature at which the dielectric constant is maximum,γ is 
diffusivity, and δ isdiffuseness parameter. The values of γ and δ can be estimated from 
the slope and intercept of linear fitting of the data points obtained from the plot of 
log(1/ε–1/εm) vs. log(T–Tm). The values of γ and δ are both materials constants 
depending on the composition and structure of materials [7]. The value of γ is the 
expression of degree of dielectric relaxation (diffusivity factor) and δ is the measure of 
degree of diffuseness of the phase transition [5]. Generally, the value of γ=1 is obtained 
for normal ferroelectrics and the value of γ=2 for the materials having diffusive phase 
transition nature, normally the characteristic of relaxor ferroelectric systems [8]. The 
value of 1 <γ < 2 corresponds to the incomplete diffuse phase transition [8,9]. The 
values of γ and δ for all the samples are tabulated in Table 2. In the present study, the 
value of γ vary between 1.42 and 1.97, whereas the value of δ vary between 6.05 and 
7.41. This confirms that phase transition in all these samples is incomplete diffuse 
phase transition. The variation in the values of δ can be attributed to varying properties 
of density and microstructure of the ceramics [10]. 
 The temperature of phase transition of all the composites was found to be 
independent of applied frequencies (not shown here in figure). However, at a particular 
temperature of measurement, the value of εrwas found to decrease with increase in 
applied frequency. The observed phenomenon is a general feature of polar dielectric 
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materials [11]. The higher value of εr at lower frequencies is due to simultaneous 
presence of all types of polarizations (i.e., space charge, dipolar, ionic, electronic, etc.) 
in the material. As the frequency is increased, polarizations with large relaxation times 
(the time required for a perturbed system to return into equillibrium) cease to respond 
resulting in decrease in the value of εr. In some samples, beyond Tc, the values of εr and 
tanδ are observed to increase with the increase in temperature which may be due to the 
increase in the mobility of ions and imperfections in the material [12]. 
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Fig.5.9 (d) 
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Fig.5.9. Variation of εr and tanδ (at 10kHz) with temperature of SBN+x PCT ceramic 
composites. (a)x=0.1,(b)x=0.2,(c)x=0.3,(d)x=0.4 and (e)x=0.5. 
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Fig.5.10.Variation of εr and tanδ (at 10kHz) with temperature of SBN+xPCT ceramic 
composites sintered at different temperatures.(a) x=0.1,(b) x=0.2,(c) x=0.3,(d) x=0.4 and 
(e) x=0.5. 
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Table.5.2The diffusivity parameters obtained from linear fit of dielectric data in equation 
5.1. 
 
Sample 
 
Mol% 
Sintering temperature 
1200 ˚C 1250 ˚C 1300 ˚C 
γ δ γ Δ γ δ 
 
 
SBN+xPCT 
 
0.1 
0.2 
0.3 
0.4 
0.5 
1.48 
1.72 
1.50 
1.66 
1.92 
6.05 
6.87 
6.30 
6.51 
7.35 
1.77 
1.42 
1.65 
1.66 
1.91 
6.66 
6.28 
6.59 
6.57 
7.41 
1.95 
1.47 
1.77 
1.72 
1.82 
7.02 
6.46 
6.76 
6.56 
7.39 
 
 
SBN+xPLT 
0.1 
0.2 
0.3 
0.4 
0.5 
1.89 
1.80 
1.75 
1.63 
1.80 
7.00 
6.78 
6.67 
6.59 
7.14 
1.85 
1.86 
1.97 
1.72 
1.67 
7.29 
6.93 
7.33 
6.85 
6.85 
1.97 
1.75 
1.94 
1.68 
1.27 
7.23 
6.72 
7.22 
6.30 
6.28 
 
Table.5.3 The P-E hysteresis parameters of ceramic composites (Pr in μC/cm
2 and Ec    
in kV/cm). 
 
Sample 
 
Mol
% 
Sintering Temperature 
1200 ˚C 1250 ˚C 1300 ˚C 
2Pr 2Ec Rsq 2Pr 2Ec Rsq 2Pr 2Ec Rsq 
SBN+xPCT 
0.1 
0.2 
0.3 
0.4 
0.5 
1.58 
3.88 
1.89 
2.09 
0.76 
10.19 
14.25 
10.21 
11.14 
5.38 
0.41 
0.59 
0.41 
0.25 
0.18 
2.07 
3.96 
2.70 
2.20 
4.03 
8.54 
12.54 
9.55 
8.72 
9.76 
0.36 
0.41 
0.45 
0.37 
0.33 
2.19 
5.05 
2.85 
6.11 
2.81 
7.71 
18.42 
10.61 
14.36 
7.95 
0.34 
0.59 
0.43 
0.72 
0.32 
SBN+xPLT 
0.1 
0.2 
0.3 
0.4 
0.5 
0.41 
0.75 
0.91 
1.93 
0.36 
3.16 
5.13 
5.16 
7.30 
3.90 
0.15 
0.17 
0.19 
0.17 
0.45 
0.62 
0.99 
0.37 
0.88 
1.04 
3.61 
5.27 
3.19 
2.91 
2.70 
0.17 
0.22 
0.29 
0.14 
0.21 
0.56 
0.42 
0.33 
0.88 
0.52 
2.68 
1.73 
1.96 
2.31 
1.94 
0.84 
0.13 
0.05 
0.15 
0.14 
105 
 
5.4 Ferroelectric Properties 
 
Figs.5.11 and 5.12 show the polarization vs. electric field (P-E) hysteresis loops 
(at RT) of SBN+xPCT (x=0.1 to 0.5 mol%) and SBN+xPLT (x=0.1 to 0.5 mol%) ceramic 
composites sintered at different temperatures. The development of hysteresis loops in 
all the ceramic samples confirms the ferroelectric nature. The P-E loops ofSBN+xPLT 
ceramic composites are found to be slim in comparison with the P-E loops of 
SBN+xPCT ceramic composites. The hysteresis behaviour of SBN+xPCT and 
SBN+xPLT ceramic composites can be quantified considering the empirical relation 
derived by Haertling et.al.[13]. According to this empirical relation, a physical quantity 
which signifies the squareness of the hysteresis loop (Rsq) is calculated  by 
                              
  
  
 
      
  
                                (5.3) 
where, Pr is remanent polarization, Ps is saturation polarization and P1.1.Ec is the 
polarization at an electric field equal to 1.1 times the coercive field (EC). For an ideal 
hysteresis loop, Rsq is equal to 2. The RT values of remanent polarization (2Pr), 
coercive field (2Ec) and Rsq of all the samples are summarized in Table 5.3. The 2Pr 
and2Ec values of SBN+xPCT ceramic composites (sintered at 1250 and 1300˚C) are 
found to be greater than those observed in pure SBN ceramics. A highest value of 2Pr ~ 
6.11μC/cm2 is observed in 4C1300, whereas the highest observed value in pure SBN 
ceramic is ~ 2.07 μC/cm2 (observed in SBN1350). A highest value of 2Ec ~ 18.42 kV/cm 
is observed in 2C1300, whereas the highest observed value in pure SBN ceramic is ~ 
4.06 kV/cm (observed in SBN1400). In case of SBN+xPLT ceramic composites, these 
values were found to be less than the values observed in pure SBN ceramics. The 
value of Rsq is found to be higher in case of SBN+xPCT ceramic composites compared 
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to SBN+xPLT ceramic composites. The observed phenomenon can be explained 
considering the ferroelectric domains. In ferroelectric domains, a long-range interaction 
between dipoles is observed [14]. The increase in the size of these ferroelectric 
domains results in more and more “square” loop [15]. As the orderliness in the system 
increases, a stronger field is required for domain switching, giving rise to the increase of 
the coercive field [16]. Therefore, as per present study, it can be concluded that 
ferroelectric interaction among constituent ceramics i.e SBN and PCT ceramics results 
in long range order whereas the ferroelectric interaction between SBN and PLT 
ceramics does not result in long range order [15]. 
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Fig.5.11 (c) 
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Fig.5.11 (d) 
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 Fig.5.11 (e) 
Fig.5.11. P-E hysteresis loops at RT of SBN+xPCT ceramic composites sintered at 
different temperatures. (a) x=0.1, (b) x=0.2, (c) x=0.3,(d) x=0.4 and (e) x=0.5. 
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Fig.5.12 (a) 
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Fig.5.12 (b) 
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Fig.5.12 (c) 
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Fig.5.12 (e) 
Fig.5.12.P-E hysteresis loops at RT of SBN+xPLT ceramic composites sintered at 
different temperatures. (a) x=0.1, (b) x=0.2, (c) x=0.3,(d) x=0.4 and (e) x=0.5. 
 
5.5 Pyroelectric Properties 
Figs.5.13 and 5.14 show the variation of pyroelectric coefficient (pi) with 
temperature of poled SBN+xPCT (x=0.1 to 0.5 mol%) and SBN+xPLT (x=0.1 to 0.5 
mol%) ceramic composites sintered at different temperatures. For reference and 
comparison purpose, the variation of pyroelectric coefficient (pi) of poled SBN ceramics 
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sintered at same sintering temperature is also shown in these figures.  These curves 
show continuous increase in the value of pi with the increase in temperature till the 
transition temperature isreached. The room temperature values of pi, FOMI and FOMII 
are mentioned in Table.5.4. Highest value of pi~ 239.68μC/m
2
.K, FOMI ~ 43.53 μC/m
2
.K 
and FOMII ~0.777 μC/m
2
.K are obtained in 1L1250 ceramic composite. Whereas, in 
pure SBN ceramics the highest observed pyroelectric values are pi ~ 79μC/m
2.K, FOMI 
~ 18.16 μC/m2.K and FOMII ~0.119 μC/m
2.K (observed in SBN1350). In the present 
study, the pyroelectric properties depend on the poling field and poling temperature. The 
effectiveness of poling is inversely proportional to the Ec of the samples [17]. The poling 
of all the samples was carried out at an applied electric field of 5kV/cm. From P-E 
hysteresis measurements it is observed that the Ec values of SBN+xPLT ceramic 
composites are less than the pure SBN ceramic system. The observed higher values in 
the ceramic composites may be a consequence of effective poling. And the high values 
in FOMI and FOMII can be attributed to lower values of εr and tanδ in 1L1250 composite 
than SBN1350 ceramic as these FOM’s are inversely proportional to εr and tanδ. In 
addition, from Figs.5.13 and 5.14 it can be observed that ceramic composites exhibit 
higher values of pi over a wider temperature range compared to pure SBN ceramics.        
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Fig.5.13. Variation of pyroelectric coefficient (pi) with temperature of SBN+xPCT  
ceramics sintered at (a) 1200 ˚C; (b) 1250˚C and (c) 1300 ˚C . 
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Fig.5.14. Variation of pyroelectric coefficient (pi) with temperature of SBN+xPLT  
ceramic composites sintered at (a) 1200˚C; (b) 1250˚C and (c) 1300˚C. 
(a) 
(b) 
(c) 
113 
 
Table.5.4.Summary of dielectric and pyroelectric properties (at RT) of ceramic 
composites.   
Sample ε
r
 tanδ T
c
 
(˚C) 
P
i
 
(μC/m
2
.K) 
FOM
I
 
(μC/m
2
.K) 
FOM
II 
(μC/m
2
.K) 
1C1200 
1C1250 
1C1300 
681 
760 
1235 
0.1662 
0.2585 
0.1092 
128 
131 
114 
-12.67 
-15.13 
-10.69 
-1.191 
-1.079 
-0.920 
-0.018 
-0.019 
-0.008 
2C1200 
2C1250 
2C1300 
921 
786 
942 
0.1754 
0.0303 
0.6562 
135 
135 
132 
-21.36 
-51.97 
-36.94 
-1.681 
-10.649 
-1.486 
-0.023 
-0.066 
-0.039 
3C1200 
3C1250 
3C1300 
612 
687 
786 
0.0122 
0.0138 
0.0256 
177 
171 
172 
-25.59 
-78.75 
-41.69 
-9.365 
-25.576 
9.294 
-0.042 
-0.115 
-0.053 
4C1200 
4C1250 
4C1300 
346 
929 
416 
0.9636 
0.0931 
0.0458 
199 
178 
172 
-159.88 
-137.93 
-97.7 
8.756 
-14.831 
-22.383 
-0.462 
-0.148 
-0.235 
5C1200 
5C1250 
5C1300 
658 
1288 
957 
0.0079 
0.0219 
0.0167 
164 
161 
60 
-37.52 
-168.77 
-53.03 
-16.456 
-31.777 
13.265 
-0.057 
-0.131 
-0.055 
1L1200 
1L1250 
1L1300 
935 
1071 
1765 
0.0209 
0.0283 
0.2265 
91 
86 
47 
-15.8 
-239.68 
-39.95 
-3.574 
-43.535 
-1.998 
-0.017 
-0.777 
-0.136 
2L1200 
2L1250 
2L1300 
789 
1066 
1492 
0.1247 
0.079 
0.0252 
116 
110 
66 
-16.65 
-51.74 
-26.43 
-1.678 
-5.638 
-4.310 
-0.748 
-0.037 
-0.011 
3L1200 
3L1250 
3L1300 
726 
1089 
1446 
0.0078 
0.1314 
0.0252 
124 
100 
93 
-30.06 
-18.67 
-50.29 
-12.632 
-1.560 
-8.331 
-0.071 
-0.024 
-0.021 
4L1200 
4L1250 
4L1300 
1000 
1373 
320 
0.1385 
0.0111 
0.6659 
127 
124 
131 
-7.7 
-97.83 
-51.66 
-0.654 
-25.059 
-3.538 
-0.019 
-0.036 
-0.024 
5L1200 
5L1250 
5L1300 
1541 
1974 
1709 
0.0282 
0.0143 
0.3598 
132 
114 
70 
-29.35 
-12.15 
-22.13 
-4.452 
-2.286 
-0.892 
-0.063 
-0.026 
-0.017 
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Fig.5.15. Variation of FOMI with temperature of SBN+xPCT ceramic composites 
sintered at (a) 1200˚C; (b) 1250˚C and (c) 1300˚C. 
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Fig.5.16. Variation of FOMI with temperature of SBN+xPLT ceramic composites 
sintered at (a) 1200˚C; (b) 1250˚C and (c) 1300˚C. 
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Figs.5.15 and 5.16 show the variation of FOMI in the temperature range of RT to 
70˚C. For comparison, the variation of FOMI of pure SBN system is also plotted. From 
Fig. 5.15 & Fig. 5.16 it is clear that the FOMI’s of 3C1250, 5C1250 and 1L1250 ceramic-
composites are higher than the pure SBN system in this temperature range. This 
suggests that in this temperature range 3C1250, 5C1250 and 1L1250 ceramic-
composites can be preferred over pure SBN where higher FOMI of pyroelectric sensor is 
required.   
5.6 Conclusions 
XRD analysis of sintered pellets of SBN+xPCT and SBN+xPLT ceramic 
composites revealed the coexistence of both TTB (SBN) and perovskite (PCT/PLT) 
phases. Ceramic composites with theoretical density (ρTh) >90% were obtained and the 
surface morphology studies revealed dense packing of the grains. The grains of SBN 
and PCT/PLT could not be distinguished from SEM images of the composites. 
Inhomogeneity in grains increased with the increase of x content (x> 0.2 mol%) in 
SBN+xPCT and SBN+xPLT ceramic composites. The values of εr (at RT & at 10kHz 
frequency) of SBN+xPCT and SBN+xPLT ceramic composites were found to be lower 
and higher, respectively than that of pure SBN ceramics. The value of Tc of the ceramic 
composites was found to vary depending on the x content and processing temperature. 
Highest value of pi ~ 239.68μC/m
2.K, FOMI ~ 43.53 μC/m
2.K and FOMII ~0.777 μC/m
2.K 
were obtained in SBN+0.1PLT ceramic composite sintered at 1250˚C, which are higher 
than the values reported for SBN ceramic system (reported in chapter 4). 
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CHAPTER – 6 
Structural and Electrical Properties of  
SBN-PVDF 0-3 Ceramic-Polymer Composites 
6.1. Introduction 
Polyvinylidene fluoride (PVDF) is a semi crystalline polymer with best 
piezoelectric, pyroelectric and ferroelectric properties among ferroelectric polymers [1]. 
PVDF exists in five phases with different conformations of the (–CH2–CF2–) monomer 
units [2].Five crystalline phases are identified based on different conformations between 
trans (T) or gauche (G) linkages. PVDF with all trans (TTT) planar zigzag conformation 
is identified as β-phase, TGTG’ is identified as α and δ phases and T3GT3G’ is identified 
as γ and ε phases [2, 3].Among these five different phases, the phase with all trans 
linking i.e. β phase is highly polar. The electrical properties are found to vary with the 
amount of β phase present in PVDF [4]. The addition of ferroelectric ceramics to PVDF 
promises to enhance the electrical properties of PVDF while preserving its flexural 
properties. 
In this chapter, structural, morphological, dielectric and pyroelectric properties of 
ФSBN-(1-Ф)PVDF (Ф = 0 to 0.3 vol%) ceramic polymer composites with 0-3 connectivity 
are presented and discussed. These composites are prepared by hot-uniaxial press 
method. The detailed description of preparation and the experimental procedure is 
mentioned in Chapter-3. 
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6.2 XRD studies of SBN, PVDF and ФSBN- (1-Ф)PVDF Composites 
Fig.1. presents the XRD patterns of PVDF, SBN and ФSBN-(1-Ф)PVDF  
composites. The XRD pattern of PVDF shows peaks around 2θ~ 17.7˚, 18.3˚, 19.8˚, 20˚ 
and 26.3˚. Generally, the reflections observed at 2θ = 17.8˚, 18.4˚, 19.9˚, 26.5˚ and 
38.0˚ are assigned to the (100), (020), (110), (021) and (002) reflections, respectively, of 
the ‘α’ phase of PVDF [5].The peaks at 2θ = 20˚ and 20.5˚ are assigned to the (110) 
and (200) reflections, respectively, of the ‘β’ phase of PVDF [5]. The peak near 2θ~20˚ 
can be resolved into distinct peaks. This confirms the presence of alpha and beta 
phases. The XRD pattern of SBN ceramic shows a typical tungsten bronze structure 
without any unwanted secondary phase peaks. The XRD patterns of composite 
specimens show the presence of peaks corresponding to both PVDF polymer and SBN 
ceramic separately, as desired in a 0-3 ceramic polymer composite. However, the XRD 
patterns of ceramic polymer composites become closer to those of pure SBN as the 
volume fraction of SBN ceramic content increases. 
6.3 FTIR studies of PVDF and ФSBN- (1-Ф)PVDF Composites 
Fig.2 shows the FTIR spectra of the PVDF and ФSBN- (1-Ф)PVDF composites 
as a function of volume fraction of SBN ceramic powder. The position of IR 
transmittance troughs corresponding to ‘α’ phase (531, 612, 766, 795, 855, and 976 cm-
1) and the ‘β’ phase (470, 511, and 840 cm-1) of PVDF [6]  are shown in Fig.2. The FTIR 
spectra confirm the presence of both the ‘α’ and ‘β’ phases of PVDF in each specimen. 
The decrease in transmittance in the range of 500 to 800 cm-1 with the increase in 
volume fraction of SBN ceramic powder can be attributed to the increase of Sr–O, Ba– 
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Fig.6.1.X-ray diffraction patterns of PVDF,SBN and ФSBN- (1-Ф)PVDF composites. 
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Fig.6.2. FTIR spectra of PVDF and ФSBN- (1-Ф)PVDF composite powders. 
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O, and Nb–O bonds in the ФSBN- (1-Ф)PVDF composites[7]. The transmittance trough 
at 840 cm-1 is associated with ‘β’ phase, which is due to mix mode of CH2 rocking and 
CF2 asymmetric stretching vibration that is parallel to the chain axis[4] as shown in 
Fig.6.3. This is prominent in all the FTIR spectra of PVDF and ФSBN- (1-Ф) PVDF 
composite powders. 
 
Fig. 6.3.Schematic representation of β phase of PVDF. The arrows indicate the CH2 
rocking mode and CF2 asymmetric stretching mode. 
6.4 Surface morphology 
Fig.6.4 shows the SEM images of the surface of PVDF-SBN composites with 
different SBN ceramic volume fractions. From SEM figures, the grain size of the SBN 
ceramic powder in the composites is found to be in the range of ~2 to 5μm. In the SEM 
images of the composites, the bright region indicates SBN ceramic powder and the dark 
region indicates PVDF matrix. This confirms 0-3 connectivity between the SBN ceramic 
and polymer phases in the composite. 
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Fig.6.4.SEM images of ФSBN-(1-Ф)PVDF composites(a)Ф=0.1;(b)Ф=0.2 & (c) Ф=0.3. 
 
6.5 Dielectric measurements 
Fig.6. shows the temperature dependence of dielectric properties of the PVDF 
and 0-3 composites at an applied frequency of 1kHz. The values of εrand tanδ for 
ФSBN- (1-Ф)PVDF composite specimen at four different applied frequencies are given 
in Table.1.  The values of εr at room temperature, increases with the increase of SBN 
ceramic content in the ФSBN- (1-Ф)PVDF composite. The value of εr is found toincrease 
continuously with temperature in PVDF and ФSBN- (1-Ф) PVDF composite with Ф=0.1. 
Whereas in the composites with Ф= 0.2 and 0.3, dielectric behavior is observed to be 
similar to that of pure SBN ceramic i.e. the value of εr is found to decrease beyond 
(a) (b) 
(c) 
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120˚C (near the Tc of SBN ceramic ) temperature. The increase in the value of εr (which 
is a measure of polarization) at RT with the increase in SBN content in ФSBN-(1-
Ф)PVDF composite can be ascribed to electronic, ionic and dipolar polarization of SBN 
in addition to the contribution of dipolar orientation polarization of PVDF. The continuous 
increase in the value of εr, in case of Ф=0 and 0.1 with increase in temperature can be 
ascribed to predominance of wide angle oscillations of dipoles attached to the chain 
axis of PVDF, followed by the rotation of dipoles with main chain co-operation appearing 
in the crystalline phase of PVDF towards polarization of the composite over the 
contribution from SBN [8].The observed dielectric behavior in case of ФSBN- (1-Ф) 
PVDF composites with Ф=0.2and 0.3, can be because of the higher contribution from 
SBN ceramic than from PVDF towards net polarization. The value of tanδ of PVDF is 
found to increase continuously with temperature. The plot of tanδ vs. temperature for 
the ФSBN- (1-Ф)PVDF composites shows similar behavior  to that of pure SBN ceramic. 
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Fig.6.5. Temperature dependence of εr and tanδ of PVDF and ФSBN-(1-Ф) PVDF 
composites. 
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6.6 Pyroelectric measurements 
 
The pyroelectric coefficient (pi) is calculated using equation 1.4. Fig.6.6. shows 
the temperature dependence of pi of poled PVDF and PVDF-SBN 0-3 composites. The 
observed pyroelctric behavior is similar to the dielectric behavior. The values of pi, 
FOMI, and FOMII at RT are given in Table.1.The values of pi, FOMI and FOMII, 
considerably improve with the increase in the content of SBN (Φ≤0.3) in SBN-(1-
Ф)PVDF composites as compared to pure PVDF.  Composites with Φ>0.3 were not 
studied as the key property of flexibility was found to be lost in such composites. 
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Fig.6.6. Temperature dependence of pyroelectric coefficient of PVDF and ФSBN-(1-Ф) 
PVDF composites. 
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Table 6.1. Summary of the dielectric and pyroelectric parameters of ФSBN-(1-Ф) PVDF 
composites. 
Ф 
content 
εr& tanδ pi 
(μC/m
2
.K) 
FOMI 
(μC/m
2
.K) 
FOMII 
(μC/m
2
.K) 
at 
1kHz 
at 
10kHz 
at 
100kHz 
at 
200kHz 
Ф=0 13 & 
0.009 
12.7 & 
0.014 
12.4 & 
0.036 
12.3 & 
0.051 
1.413 4.13 0.109 
Ф=0.1 16.2 & 
0.019 
15.9 & 
0.017 
15.4 & 
0.035 
15.2 & 
0.048 
4.018 7.24 0.248 
Ф=0.2 24.7 & 
0.016 
24.1 & 
0.017 
23.5 & 
0.038 
23.1 & 
0.052 
6.363 10.12 0.258 
Ф=0.3 28 & 
0.016 
27.8 & 
0.016 
27.1 & 
0.037 
26.75 & 
0.055 
13.475 20.13 0.481 
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Fig.6.7. Variation of FOMI with temperature of PVDF and ФSBN-(1-Ф)PVDF 
composites. 
Fig.6.7 shows the variation of FOMI in the temperature range of RT to 70˚C. From 
Fig.6.7 it is clear that in this temperature range, the FOMI’s of ФSBN-(1-Ф)PVDF 
composites with Ф=0.2 and 0.3 vol% are higher in comparison with PVDF. This 
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suggests that ФSBN-(1-Ф)PVDF with Ф=0.2 and 0.3 vol% compositescan be preferred 
over PVDF in this temperature range where flexibility of pyroelectric sensor is required.  
6.7 Conclusions 
ФSBN- (1-Ф)PVDF composite thick films with Ф=0 to 0.3 have been synthesized 
by hot uniaxial press. Structural, morphological, dielectric and pyrolectric properties of 
the composites have been studied. Morphological studies confirmed a 0-3 connectivity 
of SBN ceramic particles in the PVDF polymer matrix. Dielectric studies illustrated the 
increase in the value of εr  at RT  with the increase in Ф content. From dielectric and 
pyroelectric studies a phase transition near 120oC was observed in the ФSBN-(1-Ф) 
PVDF composites with Ф = 0.2 and 0.3. The ФSBN-(1-Ф) PVDF composite with Ф = 0.3 
was found to have highest values of the FOMs suitable for pyroelectric applications 
where flexibility of the sensor materials is required.   
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CHAPTER 7                                                                                        
Conclusions and Future Work 
In this chapter, the major conclusions drawn from the work carried out are 
presented. The need and scope of carrying out further research in the current work are 
also presented.  
7.1. Conclusions 
From available literature, keeping in view of pyroelectric materials with high figure of 
merits, SBN among lead free systems and PCT and PLT among lead based systems 
were synthesized and characterized for various electrical properties.  
Conclusions from studies on SBN, PCT and PLT systems:   
 The thermal analysis on SBN, PCT and PLT systems hinted the phase formation 
of these systems to be ~1000, 700 and 600˚C, respectively. 
 1100, 650 and 600˚C were optimized as calcination temperatures of SBN, PCT 
and PLT systems, respectively. 
 Highest experimental densities of ~97, 96 and 97% were obtained in SBN1300, 
PCT1200 and PLT1200 ceramics, respectively. 
 From dielectric measurements of ceramics sintered at different temperatures, the 
Tcwas found to vary between 99 to 114 ºC for SBN system, between 310 to 311 
ºC for PCT system and between 262 to 269 ºC for PLT system. 
 The values of 2Pr, pyroelectric coefficient, FOMI and FOMII of PCT and PLT 
systems were found to be higher than that obtained in SBN system. 
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Conclusions from studies on SBN+xPCT and SBN+xPLT systems:   
 XRD analysis of sintered pellets of SBN+xPCT and SBN+xPLT ceramic 
composites confirmed the coexistence of both TTB (SBN) and perovskite 
(PCT/PLT) structures. 
 Ceramic composites with experimental density >90% were obtained and the 
surface morphology study revealed very dense packing of the grains. 
 The ferroelectric to paraelectric phase transition is found to be diffusive, which is 
attributed to micro/nano region inhomogeneity.   
 Highest value of pi ~ 239μC/m
2.K, FOMI ~ 43μC/m
2.K and FOMII ~0.7 μC/m
2.K 
were obtained in SBN+0.1PLT  ceramic composite sintered at 1250 oCand the 
FOMI’s of this composite was better than that of SBN in the temperature range of 
RT to 70 oC.  
Conclusions from studies on ФSBN-(1-Ф)PVDF ceramic polymer composites: 
 ФSBN- (1-Ф)PVDF composite thick films (thickness ~200 to 300μm)with Ф=0 to 
0.3 were synthesized by hot uniaxial press.  
 Morphological studies confirmed the increase of homogeneity of ceramic powder 
distribution with the increase of Ф content in ФSBN- (1-Ф)PVDF composites. 
 Dielectric studies illustrated the increase in the value of εr at RT with the increase 
in Ф content.  
 From dielectric and pyroelectric studies a phase transition near ~120oC was 
observed in the ФSBN-(1-Ф)PVDF composites with Ф = 0.2 and 0.3.  
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 The ФSBN-(1-Ф) PVDF composite with Ф = 0.3 exhibited highest values of the 
FOMs among ceramic-polymer composites and makes it suitable for pyroelectric 
applications where flexibility of the sensor materials is required.   
7.2 Future Work 
 Poling of the sintered ceramics was carried out at a particular field and 
temperature. The pyroelectric properties generally depend on the poling 
conditions. Therefore effect of poling temperature and poling field on pyroelectric 
properties of these ceramics can be studied. 
 Recently, microwave processing of materials has attracted attention due to 
advantages like fast heating; relatively low processing temperatures; improved 
microstructures; low cost; energy efficient; etc. The effect of microwave 
processing on the pyroelectric properties can also be studied.   
 Techniques like combustion synthesis, mechano chemical synthesis, sol gel 
processing are found to reduce the processing temperatures with enhanced 
properties. Therefore, the studied composites can also be prepared by these 
techniques and their pyroelectric properties can be investigated.    
 The thin films of these composites can be prepared and pyroelectric properties 
can be investigated. 
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